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PREFACE 


“Acoustic Design Charts ” is a compilation of acoustical 
engineering data prepared for the express purpose of pro- 
viding a comprehensive source of quantitative design 
information. It is intended to serve as a quick, handy 
reference for the convenient use of any one interested in 
the design or construction of electro-acoustic apparatus. 
In the preparation of these charts, the author has chosen 
such scales that constant precision may be obtained in 
reading the large range of values that are plotted. By 
providing families of curves on many of the charts, it is 
possible to see immediately the quantitative effect of 
varying the parameters of a system without the necessity 
of spending long hours in mathematieal computations. 
Many sample problems have been worked out throughout 
the text in order to illustrate clearly the use of each chart. 

The author gratefully appreciates the kind interest 
shown in this work by Mr. W. R, Burwell, Chairman of 
the Board, and Mr. A. L. Williams, President of The 
Brush Development Company. He is also grateful to 
his brother, E. A. Massa, for his valuable assistance in 
checking many of the laborious computations that were 
necessary in the preparation of these charts. 

The author wishes to make particular mention of the 
untiring assistance and encouragement given by his wife 
in the preparation of the manuscript. 

Cleveland, Ohio, FkanK Massa. 

Marck, 1042. 
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SECTION 1 


Fundamental Relations in Plane and Spherical Sound Waves 


Chart 1 . 
Chart 2. 
Chart 3. 
Chart 4. 
Chart 5. 
Chart 6. 

Chart 7. 

Chart 8. 

Chart 9. 

Chart 10. 


Frequency vs. wavelength in air. 

Frequency vs. wavelength in water. 

Frequency vs. iir/\ in air. 

Frequency vs, (^Tr/X)^ in air. 

Sound pressure vs. particle displacement in plane waves in air. 

Sound pressure vs. particle velocity in plane waves in air and 
water. 

Increase in the ratio of particle velocity to sound pressure in a 
spherical wave vs. distance from the source of sound. 

Phase shift between particle velocity and sound pressure in a 
spherical wave vs. distance from the source of sound. 

Sound pressure vs. acoustic power per unit area of wave front in 
a plane or spherical wave in air. 

Reflected energy resulting from the passage of a plane wave from 
one medium to another vs. ratio of the radiation resistance of 
each medium. 
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Chart 1 gives the relation between the wavelength 
of sound in air at 20 deg. C. and 700 mm. pressure vs. 
frequency. Chart 2 gives the relation between the 
wavelength in fresh water at 20 deg. C. and the fre- 
quency. The wavelength in feet may be read from the 
left hand ordinate scales and the wavelength in inches 
or centimeters may be read on the right hand ordinate 
scales. 

Sample Problem 

Find the frequencies at which the wavelength of 
sound in air and water is 20 inches. 

Solution 

On chart 1, at the intersection of 20 inches on the 
right hand ordinate scale with the curve marked “IN.” 
read the abscissa = 700 cycles, which is the frequency 
in air. To find the frecpiency in water, find the inter- 
section of 20 inches on the right hand ordinate scale 
on chart 2 with the curve marked “IN.” and read the 
abscissa = 2,800 cycles. 
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CHART NO. 1 

Wave length of sound in air as a function of frequency. 
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CHART NO. 2 

Wavelength of sound in fresh water at 20° C. (For ocean water, multiply 
ordinates by 1.02.) 


4 * Acoustic Design Charts 


WAVELEINGTH INI CMS. Ott IM3. 



Chart 3 shows the relation between frequency and 
the quantity k, where k = 2^/X. Chart 4 shows the 
relation between the frequency and the quantity k^. 
Three curves are shown on each chart, one for wave- 
length in feet, one in inches and another in centimeters. 

The use of these charts is obvious without need for 
sample problems. The quantities k and k^ appear 
frequently in the solution of acoustical problems. 
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( HART NO. 3 

Relation between frequency and the quantity k in air at 20° C. and 760 mm. 
pressure, k — Stt/X, where X = wavelength of sound. 
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CHART NO. 4 

Relation between frequency and the quantity in air at 20° C. and 760 mm. 
pressure, k = Stt/X, where X = wavelength of sound. 
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Chart No. 5 shows the relation between the peak 
particle displacement and the r.m.s. sound pressure in 
a plane progressive wave in air for various frequencies. 

Sample Problem 

Find the particle displacement which accompanies 
a sound pressure of 10 dynes /cm. ^ in a plane wave in 
air at a frequency of 1,000 cycles. 

Solution 

At the intersection of 10 dynes /cm. ^ with 1,000 cycle 
frequency find the displacement equal to 5.4 X lO””** cm. 

Note. — This is peak displacement while the sound 
pressure is given in r.m.s. value. 
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PARTICUE DISPLACEMENT IN CM- 



CHART NO. 5 

Relation between particle displacement and sound pressure in a plane 
sound wave in dry air at 20® C. The particle displacement is indicated in 
peak values from the normal position of rest while the sound pressure is 
indicated in r.m.s. values as usual. 
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Chart 6 shows the relation between sound pressure 
and particle velocity in a plane wave in air and water 
at 20° C. and 760 mm. pressure. 

Sample Problem 

Find the particle velocity associated with a sound 
pressure of 1 dyne /cm.^ in a plane wave in air and water. 

Solution 

At the intersection of the abscissa == 1 dyne /cm. ^ 
with the curve marked “AIR/’ read the left hand 
ordinate equal to a particle velocity of .024 cm. /sec. 
At the intersection with the curve marked “WATER’’ 
read the particle velocity equal to 6.7 X lO"”^’ cm. /sec. 
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CHART NO. 6 

Relations between sound pressure and particle velocity in .i plane sound wave 
in air and in water at 20° C. 


Acoustic Design Charts • 11 


pakticue: velocitv \N CMS./5EC. (water) 



Chart No. 7 shows the increase in magnitude of the 
ratio of particle velocity to sound pressure as one 
approaches a point source of sound. This chart is 
useful in showing the degree of frequency distortion 
which is produced when talking close to a microphone 
which measures the particle velocity in a sound wave. 

Sample Problem 

Assume a velocity microphone is flat when calibrated 
in a plane wave. Find the degree of exaggerated 
response which will occur at 100 cycles wdien talking 
two inches from the microphone. 

Solution 

At 100 cycles, the wave length is 1S5 inches; therefore 
two inches from source is — 

Kas = .0148 wavelengths 

Referring to the chart, it is found that for a distance 
of .015 wavelengths from the source, the increase in 
the “velocity response’’ is about 21 db. above what it 
would have been in a plane wave. 


12 • Acoustic Design Charts 




CHART NO. 7 

Relative increase in the ratio of the particle velocity to sound pressure in a 
spherical wave as a function of the distance from the source. The reference 
ratio of 0 db. is for a plane wave. 
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Chart No. 8 shows the phase shift between the particle 
velocity and sound pressure as one approaches a point 
source of sound. 

Sample Problem 

For the conditions of the problem illustrating chart 
No. 7, find the phase angle between the sound pressure 
and particle velocity at the microphone location. 

Solution 

From the problem on chart No. 7, the microphone 
is located .015 wavelengths from the source. Referring 
to chart No. 8, at the intersection of the abscissa = .015 
with the curve, read the phase angle between the particle 
velocity and sound pressure as 85 degrees. 
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CHART NO. 8 

Phase shift between particle velocity and sound pressure in a spherical wave 
as a function of distance from the source. 
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Chart No. 9 shows the relation between sound pressure 
and acoustic power being transmitted in a plane oi* 
spherical wave. The chart is useful for computing 
acoustic power requirements in cases where a particular 
sound pressure is desired over a certain area. 

Sample Problem 

Find the acoustic power required to produce a sound 
pressure of 10 dynes per sq. cm. over an area 300 ft. X 300 
ft. assuming a free progressive wave over the area. 

Solution 

Total area = 300 X 300 X 144 = 13 X lO^" sq. in. 

For a sound pressure of 10 dynes per sq. cm. (reading 
from the curve marked the intensity is read as 

about 1.55 microwatts per sq. in. 

The acoustic power requirement for the problem is. 

Pa = 13 X 10® X 1.55 X 10“® = W.2 watts 
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CHART NO. 9 

Acoustic power transmitted through unit area of wave front in a free 
progressive sound wave in air at 20° C. as a function of the sound pressure 
over the area. 


Acoustic Design Charts • 1 7 


INTENSITV IN MICROWATTS PCR SQ.IN, 


Chart No. 10 shows the reflected energy which results 
when a plane wave passes from one medium to another. 

Sample Problem 

Find the percentage of the energy in a plane wave 
that is transmitted from one medium to another of 
10 times the specific acoustic resistance. 

Solution 

For RilRi = 10, find the reflected energy = 67%. 
Therefore, the transmitted energy is 

Et = 100 - 67 = 33% 
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CHART NO. 10 

Energy reflected when a plane sound wave is passing from one medium to 
another. Ri == radiation resistance of one medium and Rt ** radiation 
resistance of other medium. (Radiation resistance is numerically equal to the 
product of the density of the medium in gms./cc. multiplied by the velocity 
of sound in the medium in cms./sec.) 
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SECTION 2 


Attenuation of Sound and Vibrations 

(^HART 11. Attenuation of plane sound waves in air vs. frequency. 

Chart 12. Attenuation of sound in conduits vs. frequency and diameter. 

('hart 18. Attenuation of sound in narrow tubes vs. frequency and diam> 
eter. 

Chart 14. 'Fransmission loss through a perforated screen vs. frequency and 
dimensions of perforations. 

Chart 15. Attenuation of sound through rigid walls vs. frequency and 
weight. 

Chart 16. TransniLssion loss from a vibrating body to a rigid tioor vs. 
frequency (body is separated from Hoor by a spring). 

Chart 17 . Transmission loss from a vibrating body to a rigid floor vs. fre- 
quency (body is separated from floor by a damping niatcrial 
having pure resistance). 

(^hart 18. Transmission loss from a vibrating body to a rigid floor vs. fre- 
quency (body separated from floor by a spring in shunt with a 
mechanical resistance). 
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Chart 11 shows the attenuation of plane waves in 
air as a function of frequency. 

Sample Problem 

Find the loss due to attenuation in air of a 10,000 
cycle signal which travels a distance of 1 mile. 

Solution 

From chart 11 find the loss at 10,000 cycles as 2.7 
db. /1, 000 ft. The total loss in 1 mile equals: 

2.7 

Loss = f 000 ^ 
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CHART NO. 11 

Attenuation of plane sound waves in dry air at 20° C. and 760 mm. pressure. 
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Chart No. 12 shows the attenuation of sound in long, 
smooth, rigid conduits filled with dry air at 20° C. and 
760 mm. pressure. The inside diameters of the conduits 
in inches are marked on the family of curves. 

Sample Problem 

Find the attenuation at 1,000 cycles in 10 ft. of 1 inch 
pipe. 

Solution 

From the chart, find the intersection of the abscissa 
= 1,000 cycles, with the curve marked 1 in. and read 
the attenuation as .2 db. per ft. The attenuation in 
10 ft. of pipe is 10 X .2 = 2 db. 
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ATTENUATION IN DECIBELiS PER FOOT 



FREQUEINCV IN CYCLES 


CHART NO. 

Attenuation of sound in smooth, long, rigid conduits filled with dry air at 
20° C‘. and 760 mm. pressure. The diameters of the conduits in inches are 
marked on the curves. For the dotted portion of the upper curves, the losses 
become higher than shown, due to the conduits’ becoming effectively narrow 
tubes (see chart 13). 
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Chart No. 13 shows the attenuation of sound in long, 
smooth, rigid narrow tubes filled with dry air at 20° C. 
and 760 mm. pressure. The inside diameters of the 
tubes in inches are marked on the family of curves. 

Sample Problem 

Find the attenuation at 1,000 cycles in 10 ft. of tubing 
having a .01" bore. 

Solution 

From the chart, find the intersection of the abscissa 
= 1,000 cycles with the curve marked .01 inch and 
read the attenuation as 45 db. per ft. The attenuation 
in 10 ft. of tubing = 10 X 45 = 450 db. 
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CHART NO. 13 

Attenuation of sound in narrow tubes. The diameter of the bore in inches 
is marked on the curves. For the dotted portions of the curves, the losses 
become lower than shown due to the tubes* becoming effectively large (see 
chart 12). 
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Chart 14 shows the tnansmission loss through a thin 
rigid screen perforated with parallel slits whose width 
is small compared with the wavelength of sound being 
propagated through it. 

The number on the curves indicate the ratio of the 
wavelength of sound being transmitted to the separation 
of the slits (/S). The ratio /S jW is the ratio of the slit 
separation to the slit width as shown on the insert 
drawing. 

Sample Problem 

Design a motion picture screen whose transmission 
loss at 10,000 cycles is no more than 2 db. and whose 
unperforated area is at least 90% of the total screen 
area. 

Solution 

From the conditions of the problem; namely, that 
the unperforated area = 90% of total area, the ratio 
of SIW = 10. 

For S jW = 10 , find the intersections with the ordinate 
2 db. loss and read on the family of curves, the value 5"". 
This value is the ratio of wavelength to slit separation. 
At 10,000 cycles, the wavelength is 1.4 inches (see 
chart 1) therefore: 

1.4 

“7“ = i5, or *S = .28 inch separation l)etween slits 

Since width of slits (IV) = .1 S, fV = .028 inch. 
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CHART NO. U 

Transmission loss through a thin rigid screen perforated with parallel slits 
whose width is small comp«rcd with the wavelength of sound. The num- 
bers on the family of curves indicate the ratio of the wavelength of sound 
being transmitted through the screen to the separation of the slits (S). 
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Chart 15 shows the attenuation of sound through 
rigid walls whose thickness is small compared to the 
wavelength of sound and whose density is high compared 
to the density of air. 

Sample Problem 

Find the attenuation at 100 cycles through a 1 inch 
steel wall (40 lbs. /sq. ft.) assuming the wall is so braced 
that it is absolutely rigid. 

Solution 

Frequency X weight per sq. ft. = 100 X 40 = 4,000. 
For the abscissa = 4,000, read the intersection on 
curve B which shows an attenuation of about 43 db. 
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CHART NO. 15 

Attentuation of sound through rigid walls of various weights per unit area. 
Wall thickness is small compared with wavelength of sound and density of 
wall is high compared with density of air. 
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Chart 16 shows the loss in force transmission from a 
vibrating body to a rigid floor when the body is separated 
from the floor by a spring having negligible damping. 
The resonance frequency referred to in the abscissa is 
that of the body in combination with the supporting 
spring. Negative valued ordinates represent an increase 
in the transmitted force due to the presence of the spring 
mounting. In other words, for vibration frequencies 
up to about 1.4 times the resonance frequency of the 
system the spring mounting actually increases the force 
transmitted to the floor. 

Sample Problem 

A motor has a vibrational frequency of 120 cycles 
and it is desired to spring mount the motor so that at 
least 30 db. attenuation of the force transmitted to the 
floor will result. Find the necessary resonance frequency 
of the motor and spring in order to fulfill this requirement. 

Solution 

For a transmission loss of 30 db. lead from chart 16, 

Vibrational frequency _ - 
Resonance frequency 

Since the vibrational frequency = 120 cycles. 

Resonance frequency = = 21 cycles. 
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CHART NO. 16 

Loss in force transmission from a vibrating body to a rigid floor when the 
body is separated from the floor by a spring having negligible damping. The 
resonance frequency referred to in the abscissa is that of the body in combina- 
tion with the supporting spring. Note: The negative valued ordinates 
represent actual increases in transmitted forces due to the presence of the 
spring. 
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Chart 17 shows the loss in force transmission from a 
vibrating body to a rigid floor when the body is separated 
from the floor by a mechanical damping material having 
pure resistance. 

Sample Problem 

Find the magnitude of the mechanical resistance to 
introduce between a vibrating body having a mass of 
1 kilogram in order to attenuate the force transmission 
bySOdb. Frequency of vibration == 120 cycles. 

Solution 

Mechanical reactance = 27r X 120 X 1,000 = 7.54 X 
10® ohms. 

For 30 db. loss, we find a necessary value of reactance 
to resistance equal to 32. 

The necessary mechanical resistance is equal to 

lim = gg = 23,600 Mech. Ohms. 

Note. — 1 Mech. ohm = 1 dyne sec. /cm., or the 
resistance, across which the force of 1 dyne will produce 
a velocity of 1 cm. /sec. 
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CHART NO. 17 

Loss in force transmission from a vibrating body to a rigid floor when the 
body is separated from the floor by a mechanical damping material having 
pure resistance. The mechanical reactance = where / is the frequency 

of vibration and m the mass of the body in grams. 
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Chart 18 shows a group of curves which indicate the 
loss in transmission of an oscillatory force which origi- 
nates in a vibrating mass which is separated from a rigid 
floor by a spring shunted with a mechanical resistance. 
The ratio Xm IRm is the ratio of the mechanical reactance 
of the mass to the mechanical resistance in the support 
and K is the ratio Xm /Xgy where Xs is the mechanical 
reactance of the spring. Negative valued ordinates 
indicate increases in force transmission due to the 
mounting. 

Xjtf = ^Tr/m Mech. ohms. 

Xs = S l%7rf Mech. ohms. 

where / = frequency, m — mass in grams, S = stiffness 
of spring in dynes /cm . 

Problem 

A 100 gram mass has a vibrational frequency of 60 
cycles and is mounted on a spring having a stiffness 
of 142,000 dynes /cm. which is shunted by a resistance 
of 1000 mechanical ohms. Find the loss in force trans- 
mission to the floor. 

Solution 

Xm == 27r X 60 X 100 = 37,700 mech. ohms 
Xs = 142,000 /gTT X 60 = 377 mech. ohms 
K = Xm/Xs = 37,700/377 = 100 
Xm/Rm = 37,700/1,000 = 37.7 

For XmIRm = fl7.7 and K = 100, the transmission 
loss as given by the curve is about 31 db. 
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CHART NO 18 

Loss in transmission of an oscillatory force originating in a vibrating mass 
mounted over a rigid floor and separated therefrom by a spring shunted by 
mechanical damping of value Rm mechanical ohms. Xm = 27r/m; where 
/ = frequency of vibration and m = mass of body in grams. K = Xm/Xs\ 
where Xs — S/^irf and S = stiffness of spring in dynes/cm. Note: Negative 
values of transmission loss indicate increase in force transmitted to floor due to 
mounting. 
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SECTION 3 


Chart 19. 

("hart 20. 

Chart 21. 

Chart 22. 

('hart 23. 

C’hart 24. 

Chart 25. 
Chart 26. 
Chart 27. 

C'hart 28. 

Chart 29. 

Chart 30. 

Chart 31. 

Chart 32. 

Chart 33. 

Chart 34. 


Mechanical Vibrating Systems 

Velocity vs. force and frequency in a resistance controlled 
mechanical system. 

Amplitude vs. force and frequency in a resistance controlled 
mechanical .system. 

Velocity vs. force and frequency in a mass controlled mechanical 
system. 

Amplitude vs. force and frequency in a mass controlled median- 
ical system. 

Velocity vs. force and frequency in a stiffness controlled mechan- 
ical system. 

Amplitude vs. force and frequency in a stiffness controlled 
mechanical system. 

Mechanical reactance of a mass and a spring vs. frequency. 
Conversion chart of stiffness to compliance. 

Resonance frequency of a mechanical system vs. mass and 
compliance. 

Relation between frequency, mass and compliance for a vibrating 
mechanical system to be in resonance. 

Resonance frequency of a mass mounted on a spring vs. static 
deflection produced in the spring. 

Resonance frequency of a clamped aluminum disc vs. thickness 
and diameter. 

Resonance frequency of a clamped steel disc vs. thickness and 
diameter. 

Resonance frequency of a stretched aluminum membrane vs. 
diameter and peripheral tension. 

Resonance frequency of a stretched steel membrane vs. diameter 
and peripheral tension. 

Second harmonic generated in the motion of a piston vs. length 
of connecting rod and radius of crank. 


Acoustic Design Charts • S9 



Chart No. 19 shows the particle velocity, at all 
frequencies, of a resistance controlled mechanical system 
when acted on by a force of F dynes. The resistance 
R is expressed in mechanical ohms in which 1 mechanical 
ohm is the magnitude of resistance through which a 
force of 1 dyne produces a velocity of 1 cm. /sec. 

Sample Problem 

A force of 1,000 dynes causes a velocity of 10 cms. /sec. 
when acting on a mechanical circuit having pure resist- 
ance. Find the magnitude of the resistance. 

Solution 

For the ordinate equal to 10 cms. /sec., find the abscissa 
F/i? = 10. Since F = 1,000 dynes, R = = 100 

mechanical ohms. 
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VELOCITY IN CMS. PER SEC. 



CHART NO. 19 

Particle velocity, at all frequencies, of a resistance controlled mechanical 
system when acted on by a force of F dynes. B = mechanical resistance in 
mechanical ohms. 
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Chart No. 20 shows the amplitude of a resistance 
controlled mechanical system at various frequencies 
as a function of the driving force. 

Sample Problem 

Find the force required to cause a 1 mm. displacement 
from its normal position of a resistance controlled 
mechanical element having a resistance of 10,000 
mechanical ohms and being operated at 1,000 cycles. 

Solution 

Along the ordinate equal to .1 cm. find the intersection 
with 1,000 cycles and read the value oi F JR = 630. 
Since R = 10,000. 

F = 630 X 10,000 = 6.3 X 10® dynes. 
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AMPLITUDE IN CENTIMETERS 



100 , 

RATIOS F/R 


lOOO 


10000 


CHART NO. 20 

Amplitude of a resistance controlled mechanical system when acted on by a 
force of F dynes at the various frequencies indicated by the family of curves. 
R = mechanical resistance in mechanical ohms. 
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Chart No. 21 shows the relation between the velocity 
of a mass controlled mechanical system and the force 
driving it at various operating frequencies. 

Sample Problem 

The vibrating portion of a mass controlled loud 
speaker has an effective mass of S grams. Find the 
driving force necessary to cause the diaphragm to have 
a velocity of 100 cms. /sec. at 1,000 cycles. 

Solution 

At the intersection of the ordinate = 100 cms. /sec. with 
the 1,000 cycle line read ¥ Im = 6.3 X 10‘\ 

The driving force to operate the diaphragm is, 

F = 6.3 X lO*'" X 8 = 5.04 X 10® dynes. 
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VELOCITY IN CMS. PER SEC. 



CHART NO. 2] 

Velocity of a mass controlled vibrating system at the various frequencies 
indicated by the family of curves. Note: Peak values of force will give peak 
velocity and r.m.s. force will show r.m.s. velocity. 
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Chart No. 22 shows the relation between the displace- 
ment of a mass controlled mechanical system and the 
driving force acting on the system at various frequencies. 

Sample Problem 

A force 10^ dynes acts on a piston having a mass of 
10 grams. Find the displacement of the piston from its 
position of rest at 100 cycles. 

Solution 

The ratio F/m = 10” /lO = 10^ dynes /gram. 

For a value of F/m = lO'*, find the intersection with 
the 100 cycle line and read the displacement as .025 cm. 
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CHART NO. 22 

Amplitude of a mass controlled vibrating system at the various frequencies 
indicated by the family of curves. Note: If peak or r.m.s. force is used, the 
amplitude indicated will be correspondingly peak or r.m.s. 
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Chart No. 23 shows the velocity of a stiffness con- 
trolled mechanical system as a function of frequency. 

Sample Problem 

Find the velocity at 1,000 cycles of the tip of a spring 
having a stiffness of 10® dynes per cm. and being driven 
by a force of 10,000 dynes. 

Solution 

The ratio FAS = 10,000/10® = .01 
At the intersection of F /S = .01 with 1,000 cycles, 
read the velocity = 63 cms. /sec. 
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CHART NO. 23 

Particle velocity of a stiffness controlled mechanical system when acted 
on by a force of F dynes at the various frequencies indicated by the family of 
curves. S = stiffness in dynes/cra.; C =» compliance in cms./dyne. 
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Chart No. 24 shows the amplitude of a stiffness 
controlled mechanical system, at all frequencies, when 
acted on by a force of F dynes. The stiffness, S, is in 
dynes per cm. 

Sample Problem 

Find the force necessary to cause a 1 mm. displacement 
in a spring having a stiffness of 10® dynes per cm. 

Solution 

For the ordinate = .1 cm. find the value of F />S = .1. 
Since S = 10® dynes /cm. F = .1 X 10® = 10,000 dynes. 


50 • Acoustic Design Charts 



AIVJPLITUDE IN CENTIMETERS 



CHART NO. «4 

Amplitude of a stiffness controlled mechanical system, at all frequencies, 
when acted on by a force of F dynes. = stiffness in dynes /cm,; C ~ com- 
pliance in cms./dyne. 
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Chart 25 shows the mechanical reactance of a mass 
and a spring as a function of frequency. 

Sample Problem 

Find the reactance of a 5 gram mass at a frequency 
of 200 cycles. Also find the reactance of a spring 
having a compliance of 10“^ cm. /dyne at 200 cycles. 

Solution 

The 5 gram mass at 200 cycles has a product / X m 
= 1,000. At the left hand ordinate value = 1,000 read 
the reactance on curve A as 6300 mechanical ohms. 

The spring at 200 cycles has a product f X c = 2 
X 10“^. At the right hand ordinate value 2 X 10~^ read 
the reactance on curve B as 80 mechanical ohms. 
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FREQUENCE IN CYCI-E5 X MASS IN ^RAMS (a) 



CHART NO. if, 

Mecbttnical reactance of a mass and a spring as function of frequency. 
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FREQUENCV in cycles X COMPLIANCE IN CM/dYNE (b) 



Chart No. 26 is a conversion chart for obtaining the 
relation between stiffness in dynes /cm. or pounds /in. 
and the compliance in cms. /dyne. 

Sample Problem 

It takes a force of 10 lbs. to deflect a spring Ho inch. 
Find its stiffness and compliance in c.g.s. units. 

Solution 

From the data it follows that the stiffness of the 
spring in the measured units is 100 lbs. /in. 

At the value of abscissa equal to 100 read the inter- 
section on curve A on the left hand scale which gives 
the stiffness value = 1.8 X 10^ dynes /cm. 

The intersection on the B curve which is read on the 
right hand scale gives the value of compliance =5.6 
X 10“^ cm. /dyne. 
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STIFFNESS IN DYNES PER CM. CCURVE A) 



STIFFNESS IN POUNDS PER INCH 

CHART NO. 26 

Conversion chart for stiffness and compliance 
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COMPUANCE IN CMS. PER DYNE (CURVE B) 



Chart 27 shows the relations between mass, stiffness, 
and compliance, and the resonance frequenc}^ of a 
vibrating system. 

Sample Problem 

A mass of 2 grams reson«ates at a frequency of 100 
cycles when mounted on a spring. Find the stiffness 
of the spring. 

Solution 

For the resonance frequency = 100 cycles find the 
intersection with the solid line which gives a value of 
stiffness /mass = 3.9 X 10'’. Since the mass is 2 grams, 
the stiffness of the spring is, 

♦S = 3.9 X 10 ’ X 2 = 7.8 X 10^ dynes /cm. 
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ratio: stiffness IN DYNES PER CM. OVER MASS IN SMS. 



CHART NO. 27 

Rf'sonyrice frequency of a simple vibrating system consisting of a mass and 
spring in terms of the constants of the system. 
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Chart No. 28 shows the relation between compliance, 
grams, and resonance frequency of a simple vibrating 
system. 

Sample Problem 

Find the compliance of a spring on which a motor 
having a mass of 10,000 grams must be supported so 
that the resonance frequency is 2 cycles. 

Solution 

Mass X frequency of resonance = 10,000 X 2 = 20,- 

000 . 

For the abscissa = 20,000, the value of the ordinate 
is 1.25 X 10~® which is the magnitude of the resonance 
frequency X compliance. 

The compliance of the spring is equal to, 

c = Q = .625 X 10-0 cm. /dyne. 
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CHART NO. 28 

Relations to be satisfied in a mechanical system consisting of a mass sup- 
ported on a spring in order that the system will be in resonance. 
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Chart 29 shows the natural resonance frequency of a 
mass supported on a spring in terms of the static deflec- 
tion of the spring due to the load. This chart is useful 
to give an indication of the resonance frequency of a 
simple vibrating system by only measuring the static 
deflection due to the mounted mass. 

Sample Problem 

A block of steel is mounted on a free spring causing 
a }'2 inch deflection. Find the resonance freciuency 
of the system. 

Solution 

At the ordinate value = .5 inch fleft hand scale) 
read the intersection on curve A as 4.4 cycles resonance 
frequency. 
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STATIC DEFLECTION IN INCHES (CURVE A) 



RESONANCE FREQUENCV IN CYCLES 


CHART NO. 29 

Resonance frequency of a mechanical system consisting of a mass mounted on 
a spring in terms of the static deflection of the spring caused by the mass. 
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STATIC DEFLECTION IN INCHES (CURVE B) 



Chart 30 shows the natural frequencies in vacuo 
of unstretched aluminum discs clamped at their periph- 
eries. The numbers on each curve indicate the diam- 
eter of the piston in inches. 

Chart 31 shows the natural frequencies of clamped 
steel plates. 

As can be seen from the two charts, the resonance 
frequencies of clamped circular steel discs are only 
very slightly higher than the same size aluminum discs. 
This follows because the ratio of Young’s modulus to 
density is almost equal for both aluminum and steel. 

The use of these two charts is obvious without the 
necessity of any sample problems. 
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CHART NO. 30 

Natural frequencies in vacuo of unstretched aluminum discs clamped at 
their peripheries for the various diameters in inches indicated by the family 
of curves. Note: The modulus of elasticity for the aluminum = 7 X 10“ 
dynes/cm.* For an aluminum alloy of modulus E, multiply resonance 
frequencies by X 10“). 
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CHART NO. SI 

Natural frequencies in vacuo of unstretched steel discs clamped at their 
peripheries for the various diameters in inches indicated by the family of 
curves. Note: The modulus of elasticity for the steel = 22 X 10" dynes/cm.® 
For another steel of modulus R, multiply resonance frequencies 
by \/E^ X 10". 
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Chart shows the resonance frequency of a stretched 
aluminum circular membrane as a function of the 
tension in the peripheral section of the membrane. 
The numbers on the family of curves represent the 
clamping diameters in inches. 

Chart 33 shows the resonance frequencies for a family 
of stretched steel membranes. 

Sample Problem 

Find the necessary tension at the peripheral cross 
section of a inch diameter circular membrane if 
it is to be stretched to resonance at a frequency of 
5,000 cycles. 

A. Aluminum membrane. 

B, Steel membrane. 

Solution 

A. On chart 32 find the intersection of the 5000 cycle 
abscissa with the curve labeled 1.5 inches and find the 
required tension = 25,000 lbs. /sq. in. 

B. Repeat the procedure on chart 33 and find the 
required tension for steel membrane == 71,000 lbs. /sq. in. 
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CHART NO. 32 

Natural frequencies in vacuo of stretched circular aluminum membranes 
for the various diameters in inches indicated by the family of curves. Note: 
Specific gravity of aluminum was assumed equal to 2.67. For any other 
material of specific gravity S, multiply above frequencies by \/2.67/iS. 
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TIENSION IN LBS./SQ.IN. OF PEmPHERAL SECTION 



CHART NO. 33 

Natural frequencies in vacuo of stretched circular steel , membranes of the 
various diameters in inches indicated by the family of curves. Note: Specific 
gravity of steel was assumed equal to 7.8. For any other steel or alloy of 
specific gravity S, multiply above frequencies by \/7,8/iS. 
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Chart No. 34 shows the departure from sinusoidal 
motion of the end of a piston which is driven by crank 
and connecting rod as shown in the sketch drawn on the 
chart. The curve shows the per cent second harmonic 
amplitude which is generated in the piston when the 
crank is driven at uniform speed. 

Sample Problem 

A piston is to be used for a sound generator and is 
to be driven from a crank having a inch radius; find 
the minimum length of connecting rod which will be 
required if the second harmonic amplitude is not to 
exceed 

Solution 

For 2^^ % second harmonic the ratio L jD which may 
be read from the chart is 10. Therefore, the length 
of the connecting rod, i, must be equal to 10 times the 
diameter of the crank pin circle, D, Since the problem 
states that the crank pin radius equals inch, making 
D — inch, then. 

Minimum length of connecting rod = 10 X = 5 
inches 
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CHART NO. 34 

Second harmonic generated in the motion of a piston which is driven by a 
connecting rod and crank running at constant speed. 
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Acoustical Elements and Vibrating Systems 

S5. Acoustic resistance of small tubes. 

36. Acoustic reactance of small tubes vs. frequency. 

37. Acoustic reactance of small tubes vs. tube dimensions. 

38. Increase in apparent length of an open tube vs. tube dimensions. 

39. Acoustic resistance of narrow slits. 

40. Acoustic reactance of narrow slits vs. frequency. 

41. .\coustic reactance of circular orifices vs. frequency. 

42. Acoustic capacitance of enclosed volumes. 

43. Acoustic reactance of enclosed volumes. 

44. ,\coustic reactance of enclosed volumes. 

45. Acoustic reactance vs. inertance and frequency. 

46. Acoustic reactan(!e vs. capacitance and frequency. 

47. Enclosed volumes vs. inertance to resonate at various fre- 
quencies. 

48. Resonance frequency of circular orifices coupled to enclosed 
volumes. 

49. Sound pressure increa.se inside a Helmholtz resonator vs. resona- 
tor volume and resonance frequency. 

50. Resonance frequencies of tubes closed on one end. 

51. Resonance frequencies of tubes opened on both ends 
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Chart No. 35 shows the acoustic resistance of small 
tubes as a function of the tube dimensions. The condi- 
tions that must be fulfilled in the use of the chart are : 

1. Tube diameter small compared to length. 

2. Length small compared to the wavelength of sound. 

Sample Problem 

The walls of a cylinder are 2 cms. thick and a hole 
1 mm. diameter is drilled in the wall to present an 
acoustic resistance to the piston which is vibrating 
in the cylinder. Find the magnitude of the resistance 
for the frequency range over which the tube may be 
considered small. 

Solution 

For a tube diameter equal to 1 mm., read opposite the 
abscissa == .1 cms. and find a value of specific resistance 
= 7.5 acoustic ohms. 

Total acoustic resistance of hole is given by, 

2 

Ra = 7.5 X -^ = 150 acoustic ohms. 
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CHAKT NO. 85 

Specific acoustic resistance of a small tube whose diameter is small com- 
pared with its length and whose length is small compared with the wavelength 
of sound. Note: To obtain total resistance of tube, multiply specific resist- 
ance by the ratio fv / D shown in sketch. 
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Chart No. 36 shows the relation between the acoustic 
reactance of a small tube as a function of frequency and 
the tube’s dimensions. 

Sample Problem 

Find the acoustic reactance of the hole described in 
the previous problem (chart 35) at a frequency of 100 
cycles. The tube dimensions as given in the previous 
problem were L = % cms. D — \ mm. 

Solution 

At the intersection of the abscissa = .1 cm. with the 
100 cycle line, find the specific acoustic reactance = 13 
acoustic ohms. The total reactance of the tube is 

2 

Xa = 13 X = ^60 acoustic ohms. 
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REACTANCE IN iVCOUSTIC OHMS 



CHART NO. 86 

Specific acoustic reactance of a small tube whose diameter is small com- 
pared with its length and whose length is small compared with the wavelength 
of sound. Note: To obtain total reactance of tube, multiply specific reactance 
by the ratio LfD shown in sketch on chart No. 35. 
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Chart 37 shows the acoustic reactance at various 
frequencies of tubes whose lengths are small compared 
to the wave length of sound. 

Sample Problem 

Find the acoustic reactance at 100 cycles of a tube 
whose effective length is 10 cms. and whose cross sec- 
tional area is 2 sq. cms. 

Note. — See chart 38 for the determination of effective 
length from the physical length. 

Solution 

The ratio of tube length to area = = 5. 

For an abscissa value equal to 5 read the intersection 
with the 100 cycle line as 3.8 acoustic ohms. 
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REACTANCE IN ACOUSTIC OHMS 
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CHART NO. 37 

Acoustic reactance of tubes used as inertance elements in acoustic circuits 
for the various audio frequencies marked on the family of curves. To be 
used as an inertance element, the tube length must be small compared with 
the wavelength of sound at the frequency of operation. For relation between 
effective length and physical length, see chart 38. 
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Chart 38 shows the increase in apparent length of a 
tube which is open on both ends as a function of the ratio 
of length over diameter of tube. For tubes closed on 
one end, the apparent increase in length is one half the 
value shown on the chart. 

Sample Problem 

Find the effective length of a tube which is 2 inches 
long and 2 inches diameter: 

A. When both ends are open. 

B. When one end is closed. 

Solution 

For a ratio LjD = \, read the apparent increase in 
length as 80%. The apparent length of the tube is: 

A. Apparent length = 2 + .8 X 2 = 3.6 inches. 

.8 X ^ 

B. Apparent length = 2 + ^ ^ — = 2.8 inches. 
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APPARENT PER CENT INCREASE <N LENGTH 



CHART NO. 38 

Increase in apparent length of an open tube due to **end effect.” Curve 
shows the percentage increase in physical length as a function of the ratio of 
length over diameter of the tube. The effective length of a tube is its physical 
length plus the percentage increase shown on the chart. 
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Chart 39 shows the relation between the acoustic 
resistance of a narrow slit and its dimensions. A narrow 
slit is defined as one w^hose dimension W is small com- 
pared to B and B small compared to the wave length of 
sound being transmitted through the slit. 

Sample Problem 

Two plates 3 cms. X 2 cms. are separated by a dis- 
tance of mm. Find the acoustic resistance when 
the axis of the sound wave propagation is along the 
2 cm. dimension. 

Solution 

In terms of the sketch on the chart, the following slit 
dimensions occur in this problem : 

W == .05 cm.; A = 3 cm.; JB = 2 cm. 

For ir = .05 along the abscissa, read the specific 
resistance as 18 acoustic ohms on the chart. 

The total resistance of the slit is equal to 

= 18 X H = 12 acoustic ohms. 
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CHART NO. S9 

SpeciBc acoustic resistance of a narrow slit (dimensions small compared 
with wavelength of sound) formed by two rigid parallel plates separated by a 
width W, Note; To obtain total resistance of slit, multiply the specific 
resistance by the ratio B/A shown in the sketch. 
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Chart 40 shows the relation between the acoustic 
reactance of a small slit as a function of frequency and 
the slit’s dimensions. 

Sample Problem 

Find the acoustic reactance of the slit described in the 
previous problem (chart 39) at a frequency of 100 
cycles. The slit dimensions as given in the previous 
problem are: 

W = .05 cm.; ^ = 3 cm.; B = 2 cm. 


Solution 

At the intersection of the abscissa = .05 cm. with the 
100 cycle line, find the specific acoustic reactance = 18 
acoustic ohms. The total reactance of the slit is 

A'a = 18 X = 12 acoustic ohms. 
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CHART NO. 40 

Specific acoustic reactance of a narrow slit (dimensions small compared with 
wavelength of sound) formed by two rigid parallel plates at the various fre- 
quencies shown by the family of curves. Note: To obtain total reactance of 
slit, multiply the specific reactance by’the ratio /?/.4 shown in the sketch on 
chart 30. 
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Chart 41 shows the reactance of a circular orifice 
mounted in an infinite wall whose thickness is small 
compared to the orifice diameter. The diameter of 
the orifice is also small compared to the wavelength 
of sound being transmitted. 

Sample Problem 

Find the acoustic reactance at 1,000 cycles of a inch 
diameter hole which is drilled in a thin plate. 

Solution 

At the value of the abscissa = 1,000 cycles read the 
intersection on the curve marked inches which gives a 
value (on the left hand ordinate scale) of diameter 
X reactance = 3. 

Since the diameter of the hole = .25 inches, the 
reactance is equal to 

= 3 /.25 = 12 acoustic ohms. 
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ORIffICE DIA.CIN.)X REACTANCE IN ACOUSTIC OHMS 
p b to *o • ... 

^ cn OP ~ lo ^ (n Qp ~ o> OP 



CHART NO. 41 

Acoustic reactance of a circular orifice mounted in a wall whose thickness is 
small compared with diameter of orifice. 
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Chart 42 shows the acoustic capacitance of an enclosed 
volume when the volume is expressed in cms.'^ or ins."* 
It is assumed that the linear dimensions of the volume 
are small compared with the wave length of sound at 
the frequency concerned. 

Sample Problem 

Find the acoustic capacitance of an enclosure having a 
volume equal to 1,000 cubic inches. 

Solution 

Along the upper abscissa scale marked in cubic inches, 
find the value 1,000 and read down to the intersection on 
the curve marked IN ’’ and find the ordinate value equal 
to an acoustic capacitance = .012 acoustic farad. 
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VOLUME. IN CUBIC INCHELS 



CHART NO. 42 

Acoustic capacitance of enclosed volumes of air at 20® C. and 760 mm. 
pressure. Note: Maximum linear dimension of enclosure is assumed small 
compared with the wavelength of sound at the frequency of operation. 
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Chart 43 shows the relation between frequency and 
the acoustic reactance of enclosed volumes. Two curves 
are shown, one for volumes expressed in cu. ins. and 
another for volumes in cu. cms. 

Sample Problem 

Find the acoustic reactance of a cubical enclosure 
measuring 10 inches on a side at a frequency of 100 
cycles. 

Solution 

Volume of enclosure = 1,000 cu. ins. 

At a value of frequency = 100 cycles, read up to the 
intersection with the curve marked “IN” and read on 
the left hand ordinate scale the value of volume X 
reactance = 140. 

140 . , 

Reactance = = .14 acoustic ohm. 
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Chart 44 shows the acoustic reactance of an enclosed 
volume as a. function of frequency. The relations 
are shown for the volumes expressed in cu. ins. or cu. 
cms. Note. — the maximum linear dimension of the 
enclosure must be small compared to the wavelength. 

Sample Problem 

Find the acoustic reactance at 500 cycles of an 
enclosed volume equal to 100 cu. ins. 

Solution 

The product of frequency X volume in cu. ins. is 
500 X 100 = 5 X 10^ 

At the intersection of the lower abscissa == 5 X 10^ 
with the curve marked “TN,” read the ordinate as .^7 
acoustic ohm. 
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CHART NO. 44 

Acoustic reactance of enclosed volumes at various frequencies. Note: 
Maximum linear dimension of volume is assumed small compared witb the 
wavelength of sound at the frequency of operation. 
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Chart 45 shows the relation between inertance and 
acoustic reactance for the various frequencies marked 
on the family of curves. 

Sample Problem 

Find the acoustic reactance at 100 cycles of an inert- 
ance equal to .01 c.g.s. units (acoustic henry). 

Solution 

At the intersection of the abscissa = .01 with the 
100 cycle line, find the ordinate equal to 6.3 acoustic 
ohms. 
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CHART NO. 45 

Inertance versus acoustic reactance at the various frequencies marked on the 
family of curves. 
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Chart 46 shows the relation between acoustic capaci- 
tance and acoustic reactance for the various frequencies 
shown by the family of curves. 

Sample Problem 

Find the acoustic reactance at 100 cycles of an acoustic 
capacitance equal to .001 c.g.s. units (acoustic farad). 

Solution 

At the abscissa = 10““^, find the intersection with the 
100 cycle line and read the ordinate as 1.6 acoustic 
ohms. 
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CHART NO, 

Acoustic capacitance versus acoustic reactance at the various frequencies 
marked on the family of curves. 
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Chart 47 shows the necessary volume of enclosure to 
resonate with various inertances at the various fre- 
quencies marked on the family of curves. 

Sample Problem 

Find the volume of enclosure to be coupled to an 
inertance of 10“^ c.g.s. units (acoustic henry) so that 
the system will be in resonance at 100 cycles. 

Solution 

For the abscissa equal to 10~S find the intersection 
with the 100 cycle line and read the ordinate equal to 
2,200 cu. ins. 
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VOLUME IN CUBIC INCHES 



INERTANCE IN C.G.S. UNITS 


CHART NO. 47 

Volume of enclosure required to resonate with various inertances at the 
various frequencies indicated by the family of curves. 
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Chart 48 shows the resonance frequency of an enclosed 
volume coupled to the atmosphere through a circular 
orifice whose diameter is large compared to the wall 
thickness. Note. — The largest linear dimension of the 
enclosure is small compared to the wavelength. 

Sample Problem 

Find the size hole to drill into the face of 10 inch 
cube so that a Helmholtz resonator will result that will 
be tuned to a frequency of 100 cycles. 

Solution 

At the abscissa equal to 100 cycles, find the inter- 
section with the curve marked “IN” and read the 
ordinate on the left and find, 

Vol. in cu. ins. _ 

Orifice diam. in ins. 

Diameter of hole = = 2.14 inches 

470 470 
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CHART NO. 48 

Resonance frequency of an enclosed volume coupled to the atmosphere 
through a circular orifice whose diameter is large compared with the wall 
thickness. (The largest linear dimension of the enclosure is assumed small 
compared with the wavelength of sound at the frequency of operation.) 
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RATIO OF VOLUME (fcc) OVER ORIFICE DIA. (CM.) 


Chart 49 shows the pressure amplification (Pi/Po) 
inside a Helmholtz resonator consisting of an enclosed 
volume coupled to the atmosphere through an orifice 
mounted in an infinite baffle. The values marked on 
the family of curves show the resonance frequency of 
the resonator and the ordinates show the volume of the 
resonator enclosure. The solid curves are accurate 
because the linear dimensions of the enclosure (assumed 
cubical) are smaller than ^{o the wavelength of sound 
at resonance. The dotted portions are approximate 
because the dimensions of the enclosure become larger 
and there is some phase variation through the region 
represented by the dotted curves. 

Sample Problem 

It is desired to build a resonator to work at 100 cycles 
and a pressure amplification of at least 100 times is 
required. Find the maximum volume of enclosure 
that can be used. 

Solution 

At the intersection of the 100 cycle curve with the 
abscissa Pi/Po = 100, find the volume = 10,000 cubic 
centimeters, which is the answer to the problem. 


100 * Acoustic Design Charts 



VOLUME. IN CU. CM. 



CHART NO. 49 

Rutio of the pressure developed inside a Helmholtz resonator (Pi) to the 
free space pressure in the sound wave (Po) as a function of the resonator 
volume at the various resonance frequencies indicated by the family of 
curves. Internal losses in the resonator have been assumed zero and the 
resonator opening has been assumed mounted in an infinite baffle. If no 
baffle is used, multiply pressure ratios by 2. The solid curves represent 
conditions in which the resonator volume is smaller than that of a cube whose 
side equals )^o of the wavelength of sound. The dotted portion stops at the 
left for volumes whose side of equivalent cube equals wavelength. 
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Chart No. 50 shows the fundamental resonanceof atube 
closed on one end and open on the other. Three curves 
are shown on the chart so that the resonance frequencies 
may be found directly whether the tube length is 
expressed in feet, inches, or centimeters. The length 
of the tube is the effective length, which is the physical 
length plus the end correction. The end correction 
may be found on chart 38. 

Sample Problem 

Find the fundamental resonance of a pipe closed on 
one end and whose effective length is 5 ft. 

Solution 

On the le^t hand scale of the chart find the ordinate 
= 5 ft. and read the intersection with the curve marked 
‘‘FT./’ giving the fundamental resonance frequency 
= 55 cycles. 
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CHART NO. 50 

Fundamental resonance frequency versus length for a tube closed on one 
end. Additional frequencies of resonance will occur at odd multiples of the 
values shown on the curves. The curves are computed for tubes whose 
lengths are large compared with the diameter. For shorter tubes, the length 
on the chart represents “effective length” (see chart No. 38). 


Acoustic Design Charts • 103 


LENGTH OF TUBE IN CM. OR IN. 



Chart No. 51 shows the fundamental resonance of a 
lube open on both ends. Three curves are shown on 
the chart so that the resonance frequencies may be 
found directly whether the tube length is expressed in 
feet, inches, or centimeters. The length of the tube 
is the effective length, which is the physical length 
plus the end correction. The end correction may be 
found on chart 38. 

Sample Problem 

Find the fundamental resonance of a pipe open on 
both ends and whose effective length is 5 ft. 

Solution 

On the left hand scale of the chart find the ordinate 
= 5 ft. and read the intersection with the curve marked 
‘"FT.,” giving the fundamental resonance frequency 
= 110 cycles. 
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CHART NO. 51 

Fundamental resonance frequency versus length for a tube open on both 
ends. Additional frequencies of resonance will occur at odd and even multi- 
ples of the values shown on the curves. The curves are computed for tubes 
whose lengths are large compared with the diameter. For shorter tubes, 
the length on the chart represents “eflFeetive length” (see chart No, 88). 
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SECTION 5 


Radiation of Sound from Pistons {Direct Radiator 
Loud Speakers) 

Chamt 52. Radiation resistance of a vibrating piston mounted in an infinite 
baffle vs. piston diameter over wavelengtli. 

r HAKT 5H. Radiation resistance of a vibrating piston set in an infinite baffle 
vs. frequency. 

(’hart 54. Radiation resistance of a vibrating piston set in an infinite baffle 
vs. piston diameter. 

(^H.\RT 55. Air load at low frequencies on a vibrating piston set in an infinite 
baffle vs. piston diameter. 

Chart 56. Reduction of air load at high frequencies on vibrating pistons vs. 
piston diameter over wavelength. 

(’hart 57. Ratio of radiation reactance to resistance on a vibrating piston 
set in an infinite baffle vs. pkton diameter over wavelength. 

Chart 58. Inertance of piston.s vs. pisUm mass and piston diameter. 

Chart 59. Resonance frequencies of pi.stons coupled to enclosed air cham- 
bers. 

(’hart 60. Relative acoustic power output of a mass controlled piston 
mounted in an infinite baffle and driven by a constant force vs. 
piston diameter oyer wavelength. 

(^hart 61 . Acoustic watts output of vibrating pistons mounted in an 
infinite baffle vs. peak amplitude and piston diameter. 

Chart 62. Sound pressure at various distances from a piston source radi- 
ating into semi-infinite space vs. peak amplitude, piston diameter 
and frequency. 

Chart 63. Sound pressure at various distances from a small source radiating 
into semi-infinite space vs. acoustic power output of the source. 

Chart 64. Peak amplitude necessary for a vibrating piston to radiate one 
acoustic watt vs. piston diameter and frequency. 
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Chart 5% shows the radiation resistance per unit area 
of a circular piston mounted in an infinite baffle and 
radiating sound into free space at 20 deg. C. and 760 mm. 
pressure. The abscissa is the ratio of piston diameter 
over w^avelength of sound. 

To obtain the radiation resistance in mechanical ohms 
multiply the value on the chart by the area of the 
surface in sq. cms. To obtain the resistance in acoustic 
ohms, divide the value on the chart by the area of the 
surface in sq. cms. 

Sample Problem 

Find the radiation resistance on one side of a circular 
piston 8 ins. diameter, mounted in an infinite baffle 
and operating at 100 cycles. 

Solution 

From chart 1, the wavelength at 100 cycles = 135". 
The ratio of diameter to wavelength for the problem 
== = .0593. For the value of abscissa == .0593 

find the radiation resistance equal to about .7 ohm per 
sq. cm, of piston area. Area of 8" piston = 320 sq. 
cms., therefore, the radiation resistance on oneside of 
the vibrating piston is 

Rm = -7 X 320 = 224 mechanical ohms, 
or Rji = .7 /320 = .00219 acoustic ohms. 
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RATIO*. DIAMETER OVER WAVELENGTH 


CHART NO. 52 

Radiation resistance in air per unit area of a circular piston mounted in an 
infinite baffle as a function of piston diameter and wavelength of sound being 
radiated. (To obtain total radiation resistance of piston in mechanical ohms 
multiply total radiating surface by the value on curve. To obtain radiation 
resistance in acoustic ohms divide value on curve by the total radiating sur- 
face of piston.) 
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Chart 53 shows the radiation resistance in acoustic 
ohms acting on one side of a circular piston which is 
mounted in an infinite baffle and radiating sound into 
free space at 20 deg. C. and 760 mm. pressure. The 
chart holds for piston diameters less than one half 
wavelength of sound being radiated. 

Note that the acoustic resistance is independent 
of the size of the piston in the region where its diameter 
is less than one half wavelength. The acoustic resistance 
merely depends on frequency. (See chart 54 for the 
relation which holds for the region where the piston 
diameter is greater than one half wavelength.) 

Sample Problem 

Find the acoustic resistance at 100 cycles and 1,000 
cycles on one side of a circular piston mounted in an 
infinite baffle and radiating low frequencies (diam. less 
than wavelength of sound). 

Solution 

At 100 cycles, find the acoustic resistance from the 
chart = .0022 acoustic ohm. 

At 1000 cycles the radiation resistance = .22 acoustic 
ohm. 
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FREOUEMCV IN CVCLES 


CHART NO. 53 

Radiation resistance versus frequency on one side of a circular piston 
mounted in an infinite baffle in air. Diameter of piston is less than wave- 
length of sound being radiated. 
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Chart 54 shows the radiation resistance in acoustic 
ohms acting on one side of a circular piston which is 
mounted in an infinite baffle and radiating sound into 
free space at 20 deg. C. and 760 mm. pressure. The 
chart holds for piston diameters greater than one half 
the wave length of sound being radiated. 

Note that the acoustic resistance is independent 
of frequency in the region where its diameter is greater 
than one half wavelength. The acoustic resistance 
depends merely on the piston diameter. (See chart 53 
for the relation which holds in the range where the piston 
diameter is less than one half wavelength.) 

Sample Problem 

Find the radiation resistance on one side of a 10 inch 
diameter piston operating at high frequencies such 
that the piston diameter is less than one half the wave- 
length of sound. 

Solution 

For a piston diameter = 10 inches, read the ordinate 
= .08 acoustic ohm which is the acoustic resistance due 
to radiation of sound on one side of the piston. 


112 * Acoustic Design Charts 




CHART NO. 54 

Radiation resistance on one side of a circular piston mounted in an infinite 
baffle in air versus piston diameter at high frequencies. (Piston diameter 
is greater than ^ wavelength of sound.) 
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Chart 55 shows the load contributed to the mass 
of a piston due to the inertia of the air which must be 
set into motion by the vibrating piston. The air load 
shown in the chart has been computed for low fre- 
quencies (piston diameter less than wavelength of 
sound). The piston is mounted in an infinite baffle 
and is radiating freely from both sides. If only one 
side of the piston is radiating into free space (the opposite 
side terminated into an infinite pipe, for example) the 
air load is one half the value shown on the curve. 

Note that the air load is independent of frequency so 
long as the piston diameter is less than wavelength 
at the frequency being radiated. (See chart 56 for the 
amount of reduction in air load at the higher frequencies.) 

Sample Problem 

Find the total air load on both sides of a circular 
piston, 8 inches diameter, operating at low frequencies. 
(Piston diameter is less than .2 wavelength of sound.) 

Solution 

Diameter of piston = 8 ins. = 20.3 cms. 

For diameter = 20.3 cms. find the value of air load 
from the chart = 6.6 grams. 

(If only one side of the diaphragm were radiating 
into free space, the air load would have been 3.3 grams.) 
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CHART NO. 55 

Total mass contributed by the inertia of the air on a vibrating piston set in 
an infinite baffle (both sides of piston radiating). If one side of pivSton is 
enclosed so that only one surface radiates from the infinite baffle, divide 
ordinates by 2. The above data apply only at low frequencies (diameter of 
piston less than the wavelength of sound). For higher frequencies multi- 
ply ordinates by the factor shown on chart No. 56. 
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Chart 56 shows the relative air load on a vibrating 
piston as the frequency is increased. At low frequencies 
(Z)/X less than .2) the air load in grams on various size 
pistons are given on chart 55. As the frequency increases 
(Z) /X increases) the value of air load shown on chart 55 
is to be multiplied by the factor obtained on this chart. 

Sample Problem 

Find the air load on the 8 inch piston given in the 
problem illustrating the use of chart 55 if the piston 
frequency is raised to 3,400 cycles. 

Solution 

From the problem given with chart 55, the air load 
on both sides of the 8 inch piston at low frequencies 
= 6.6 grams. 

From chart 1, the wavelength for 3,400 cycles = 4 
inches; therefore, Z>/X = % = 2. 

For D/X =2, find the reduction factor from this 
chart = .019. 

The air load on the piston at 3,400 cycles is 6.6 X .019 
= .125 gram. 
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CHART NO. 56 

Reduction in the air load on a vibrating piston at increasing frequencies. 
D — diameter of piston and X = wavelength of sound in the same units. 
Note: An average smooth curve has been drawn rather than attempting to 
show the small variations in the function. 
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Chart 57 shows the ratio of acoustic or mechanical 

reactance to resistance (A"' jli) due to the air load on a 

circular piston or orifice which is mounted in an infinite 

baffle and is radiating sound into free space from either 

one or both sides of the piston or orifice. Note. — The 

mass of the piston is assumed negligible compared to 

the mass contributed by the air load. If such is not 

the case (see charts 55 and 50 for the mass due to air 

load) the values of A" //? obtained from the chart should 

L ij.* 1 - j V ^1 X* j. piston mass + air load mass 

be multiplied bv the ratio of . — r— 

air load mass 

Sample Problem 

Find the ratio A//? of the impedance components 
due to radiation from a circular orifice having a 2.7" 
diameter and mounted in an infinite baffle. Frequency 
of radiation = 100 cycles. 

Solution 

From chart 1 the wavelength at 100 cycles = 135". 

D . 2.7 

The ratio v for the orifice = = .02. 

A l.io 

For the abscissa = .02, find the ratio X IR from the 
curve = 27. This indicates that the radiation imped- 
ance on a small circular hole is mostly reactive at the 
low frequencies. 
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CHART NO. 57 

Ratio of mechanical or acoustic reactance (X) to resistance (R) due to 
radiation on one side of a piston or orifice mounted in an infinite baflSe. 
D = piston or orifice diameter. X = wavelength of sound. 
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Chart 58 shows the inertance of vibrating circular 
pistons as a function of the piston mass and piston 
diameter. The numbers on the family of curves indicate 
the piston diameter in inches and the abscissa is the 
effective piston mass in grams. Note. — The effective 
mass of the piston is the actual mass of the piston plus 
the mass of air which it carries along as it vibrates. The 
mass component due to the air load may be obtained 
from charts 55 and 56. 

The inertance is that quantity which when multiplied 
by ^TT X frequency gives the magnitude of the positive 
reactance of the vibrating piston in acoustic ohms. 

Sample Problem 

Find the acoustic reactance at 100 cycles of a freely 
suspended piston (negligible stiffness at the point of 
suspension) which is mounted in an infinite baffle. 
Piston diameter = 5 inches and its effective mass is 
3 grams. 

Solution 

At the intersection of the abscissa = 3 grams with 
the curve marked 5 inches, read the inertance = 1.9 
X 10“^ e.g.s. units. At 100 cycles, the acoustic react- 
ance of the vibrating piston is, 

= ^TT X 100 X 1.9 X 10“"^ = .12 acoustic ohms. 
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CHART NO. 68 

luertance versus mass of vibrating circular pistons of the various diameters in 
inches shown by the family of curves. 


Acoustic Design Charts * 1^1 



Chart 59 shows the volume of enclosure required 
behind a vibrating piston in order to resonate the system 
at 100 cycles. The effective piston mass is plotted as 
the abscissa and the numbers on the family of curves 
indicate the diameter of the piston in inches. The 
effective piston mass — mass of piston + air load (see 
chart 55 for determination of air load). The stiffness 
of the piston mounting is assumed negligible compared 
to the stiffness of the enclosed volume of air. To find 
the volume that will resonate at another frequency, /, 
multiply the ordinates by 10^ /P. The maximum linear 
dimension of the enclosure should not exceed 3 i wave- 
length at the desired frequency of resonance in order to 
insure approximately constant phase of the sound pres- 
sure throughout the enclosure. 

Sample Problem 

Find the volume of enclosure required behind a 8" 
piston having an effective mass of 20 grams in order to 
resonate the system at 200 cycles. 

Solution 

At the intersection of the abscissa = 20 grams with 
the curve marked 8 inches, find the required volume to 
resonate at 100 cycles = 1,150 cu. ins. At 200 cycles, 
the volume required is 

10 ’ 

J = 1,150 X ^ 20^)2 = cu. in. 
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CHART NO. 59 

Volume of enclosure required behind a vibrating piston, of an effective 
mass shown by the abscissa, to resonate at a frequency of 100 cycles. Piston 
diameter in inches is marked on each curve. Note: To find volume that will 
resonate at any other frequency,/, multiply the ordinates by \0*/p. 
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Chart 60 shows the relative acoustic power output 
of a mass controlled circular piston set in an infinite 
baffle and driven with a constant force. The abscissa 
is the ratio of piston diameter to the wavelength of 
sound being generated. 

Sample Problem 

An 8 inch diameter piston which is predominantly 
mass reactance over its frequency range is driven by a 
constant mechanical force. If its power output at 
low frequencies — 2 watts, find the power output at 
3,440 cycles. 

Solution 

At 3,440 cycles the wavelength of sound (see chart 1) 
= 4 inches; therefore, D/X = = 2. 

For D /\ =2, find the relative acoustic power output 
= .052. 

The acoustic power output at 3,440 cycles equals 
.052 X 2 = .104 acousstic watt. 

Note that in a mass controlled vibrating system 
driven by a constant force the radiated power falls off 
rather fast when the piston diameter becomes greater 
than one half wavelength of sound being generated. 
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CHART NO. 60 

Relative acoustic power output of a mass controlled circular piston set in an 
infinite baffle and driven with a constant force as a function of piston diameter 
and wavelength of sound being radiated. 
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Chart 61 shows the root mean square acoustic power 
in watts radiated from one side of a circular piston 
mounted in an infinite baffle as a function of the peak 
amplitude of vibration. The numbers on the family of 
curves indicate the product of the piston diameter in 
inches times the frecjiiency of vibration in cycles. 
Note. — The curves hold for all ratios of piston diameter 
to wavelength of sound being radiated. 

Sample Problem 

Find the necessary piston diameter to radiate 5 
acoustic watts of power from one side of the piston at 
200 cycles if the maximum allowable peak travel of the 
piston from its normal position of rest = .1 inch. The 
piston is mounted in an infinite baffle. 

Solution 

At the intersection of the abscissa = .1 inch with 
the ordinate = 5 acoustic watts, find the product of 
piston diameter times frequency = 1,600. Since the 

frequency = 200 cycles, piston diameter = = 8 

inches. 


126 • Acoustic Design Charts 





1?° 

vcP 


CHART NO. 61 

Acoustic watts output in air as a function of the peak amplitude (from 
position of rest) of various pistons radiating into semi-infinite space. The 
number on each curve indicates the product of the piston diameter in inches 
by the frequency of vibration in cycles per second. 
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Chart 62 shows the r.m.s. sound pressure developed 
in air at various distances from a small source of sound 
radiating into semi-infinite space. The curves apply for 
piston diameters less than wavelength of the sound 
being radiated. The numbers on the family of curves 
indicate the product of the piston diameter in inches 
by the frequency of vibration in cycles. 

Sample Problem 

Find the sound pressure at a distance of 20 ft. from 
an 8 inch piston mounted in an infinite baffle and vibrating 
through a peak amplitude of .050" at 100 cycles. 

Solution 

For an 8 inch piston at 100 cycles, the product of 
diameter X frequency = 800. At the intersection of 
the abscissa = .050" with the curve labeled 800 read 
the ordinate (sound pressure X distance in ft.) = 71. 
At a distance of 20 ft., the sound pressure is equal to. 

71 

p = ^ = 3.0 dynes /cm.* 
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CHART NO. 62 

Sound pressure developed in air at various distances from u small piston 
source radiating into semi-infinite space as a function of the peak amplitude 
of the piston. Tlie number on each curve represents the product of the piston 
diameter in inches by the frequency of vibration in cycles per second. 
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Chart 63 shows the sound pressure at various distances 
from a small sound source as a function of acoustic 
power radiated from the source. The numbers on the 
curves indicate the distances from the source in feet. 
The source is assumed to be radiating into a semi- 
infinite medium (one side of an infinite baffle) and its 
size is small enough compared to the wavelength so 
that the directional radiation is independent of the 
angle off the normal axis of the sound source. (This 
condition will be approximately satisfied if the diameter 
of the source is not greater than the wavelength of 
sound being radiated.) If the sound source is larger, 
the pressure on the axis is increased over the value shown 
on this chart by the factor shown on chart 69. 

Sample Problem 

Find the acoustic power output required from a 
small sound source in order to generate a sound pressure 
of 10 dynes per sq. cm. at a distance of 10 feet from an 
infinite baffle in which the source is mounted. 

Solution 

At the intersection of the ordinate = 10 dynes /cm. 
with the curve marked 10 ft., find the acoustic power 
required on the abscissa = .14 watts. 
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CHART NO. 63 

Sound pressure at various distances from a small source which is radiating 
into semi-infinite space as a function of the power output of the source. 
The number on each curve indicates the distance from the source in feet. 
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Chart 64 shows the necessary peak amplitude (from 
position of rest) required of a circular piston mounted 
in an infinite baffle, to radiate one acoustic watt (root 
mean square) of sound from one of its surfaces. The 
peak amplitudes in inches arc marked on the family of 
curves. For any other value of acoustic power output, 
P, multiply the amplitude obtained from the chart by 

VP. 

Sample Problem 

Find the peak amplitude necessary for a 10 inch 
piston mounted in an infinite baffle in order for it to 
radiate 2 acoustic watts from one of its sides at a fre- 
quency of 200 cycles. 

Solution 

At the intersection of the abscissa = 200 cycles with 
the ordinate piston diameter = 10 inches, find the 
necessary peak amplitude = .029 inch to radiate 1 
acoustic watt. To radiate 2 watts, the peak amplitude 
required is equal to, 

A = .029 V2 = .041 inch 
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FREQUENCY IN CYCLES 


CHART NO. 64 

Necessary peak amplitude of a piston, mounted in an infinite baffle, to radi- 
ate one acoustic watt of sound power at various frequencies (one side of piston 
radiating). Peak amplitudes in inches are marked on the family of curves. 
For anv other value of acoustic power output, P, multiply peak amplitude by 

Vv- ■ 
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C hart fi5. 
Chart 60. 
Chart 67. 

Chart 68. 

Chart 69. 


SECTION 6 


Directional Radiation Characteristics 

Polar distribution of sound from a vibrating piston vs. piston 
diameter over wavelength. 

Polar distribution of sound from a vibrating thin ring vs. ring 
diameter over wavelength. 

Degrees off the normal axis of a vibrating piston for the sound 
to be attenuated 20 db., 10 db., 6 db. and 3 db., vs. piston 
diameter over wavelength. 

Degrees off the normal axis of a vibrating thin ring for the sound 
to be attenuated 20 db., 10 db., 6 db., and 3 db., vs. ring diameter 
over wavelength. 

Increase in sound pressure on the normal axis of a vibrating thin 
ring and a vibrating piston radiating constant acoustic power vs. 
piston and ring diameter over wavelength. 


Acoustic Design Charts • 1S5 



Chart 65 shows the directional radiation character- 
istics of circular pistons mounted in an infinite baffle 
for the various ratios of piston diameter to wavelength 
of sound being radiated marked on the family of curves. 

Sample Problem 

Find the loss in response between the normal axis 
of a piston and an axis 45° off the normal, when the piston 
diameter = wavelength of sound being r.adiated. 

Solution 

On the curve marked .75 read the intersection with 
the angle 45° and find the response equals 68% of the 
response on the normal axis. This shows a loss of 
32% at 45° as compared to the pressure response “head 
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CHAKT NO. 65 

Directional radiation characteristics of circular piston mounted in an 
infinite baffle for the various ratios of piston diameter to wavelength of 
generated sound marked on the. curves. 
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Chart 66 shows the directional radiation character- 
istics of circular rings mounted in an infinite baffle 
for the various ratios of ring diameter to wavelength of 
sound being radiated by the ring. The width of the 
ring is assumed small compared to its diameter. 

Sample Problem 

Find the loss in response between the normal axis 
of a ring mounted in an infinite baffle and an axis 45° 
off the normal, when the piston diameter = wave- 
length of sound being radiated. 

Solution 

On the curve marked .75 read the intersection with 
the angle 45° and find the response = 40% of the 
response on the normal axis. This shows a loss of 
60% at 45° as compared to the “head on’’ response. 
(Compare this loss with a loss of 32% in the case of the 
piston having the same diameter on chart 65, which 
indicates how much sharper the radiation from a ring 
is as compared to a piston.) 
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CHART NO. 66 

Directional radiation characteristics of a thin circular ring mounted in an 
infinite bafile for the various ratios of ring diameter to wavelength of generated 
sound marked on the curves. 
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Chari 67 shows the directional radiation character- 
istics of circular pistons mounted in an infinite baffle. 
The abscissa shows the ratio of piston diameter over 
wavelength and the ordinates are the degrees off the 
normal axis of the piston. The family of curves marked 
in db. show the relation between piston size and the 
angle off the normal axis for the sound to be attenuated 
20, 10, 6 and 3 db. from the sound on the normal axis. 
(See chart 68 for a similar set of data applying to rings.) 

Sample Problems 

Find the size of piston necessary to radiate 1400 cycles 
in the form of a beam such that the response is atten- 
uated 10 db. at an angle of 10° off the normal axis of the 
radiator. 

Solution 

For the ordinate marked 10°, find the intersection 
with the curve labeled 10 db. and read the abscissa 
as piston diameter over wavelength = 5. From chart 1 
find wavelength for 1,400 cycles = 10 inches. There- 
fore, the necessary piston diameter is equal to 5 X 10 = 
50 inches. 

Note. — See problem on chart 68 to compare the 
required ring diameter for the same sharpness of beam. 
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CHART NO. 67 

Directional radiation characteristic of a circular piston mounted in an 
infinite baffle. Showing the degrees off the normal axis at which the attenu- 
ation is 3, 6, 10, and 20 db. (as marked on curves) as a function of the ratio 
of the piston diameter over wavelength of the generated sound wave. 
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Chart 68 shows the directional radiation character- 
istics of circular rings mounted in an infinite baffle. 
The rings are narrow compared to the diameter. The 
abscissa shows the ratio of ring diameter over wavelength 
and the ordinates are the degrees off the normal axis 
of the ring. The family of curves marked in db. show 
the relation between ring diameter and angle off the 
normal axis for the sound to be attenuated 20, 10, 6 
and 3 db. from the sound on the normal axis. (See 
chart 67 for similar data applying to pistons.) 

Sample Problem 

Find the size of thin ring necessary to radiate 1,400 
cycles in the form of a beam such that the response is 
attenuated 10 db. at an angle of 10° off the normal axis 
of the radiator. 

Solution 

From the ordinate marked 10°, find the intersection 
with the curve labeled 10 db and read the abscissa 
as ring diameter over wavelength = 3.3. From chart 1, 
find the wavelength at 1,400 cycles = 10 inches. There- 
fore, the necessary ring diameter is equal to 3.3 X 10 
= 33 inches 

Note. — Compare this with the problem on chart 67 
which shows the size piston necessary to meet the same 
requirements. 
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CHART NO. 68 

Directional radiation characteristic of a thin circular ring mounted in an 
infinite baffle. Showing the degrees off the normal axis at which the attenu- 
ation is 3, 6, 10, and 20 db. (as marked on curves) as a function of the ratio of 
ring diameter over wavelength of the generated sound wave. 
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Chart 69 shows the relative increase in sound pressure 
on the normal axis of a piston (solid curve) or a thin 
ring (dotted curve) mounted in an infinite baffle, as a 
function of piston or ring diameter over wavelength of 
sound being radiated. As the diameter increases, the 
acoustic power radiated is kept constant (in other words, 
the increase in pressure on the normal axis is due solely 
to the sharpening up of the radiated beam.) 

Sample Problem 

Find the necessary piston and thin ring diameters 
which are necessary at 1,400 cycles in order to double the 
pressure on the normal axis as compared to the pressure 
obtained from a non directional source mounted in an 
infinite baffle and radiating the same acoustic power. 

Solution 

At the intersection of the ordinate = 2 with the dotted 
line, find ring diameter over wavelength = .65; and 
at the intersection with the solid line, find piston diameter 
over wavelength = .94. At 1,400 cycles (from chart 1) 
find wavelength = 10 inches. Therefore the necessary 
piston diameter to double the pressure on the normal 
axis = .94 X 10 = 9.4 inches. Necessary ring diameter 
to double the pressure = .65 X 10 = 6.5 inches. 
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RELATIVE SOUND PRESSURE ON AXIS 



c:hart no. 

Increase in sound pressure on the normal axis of a piston mounted in an 
infinite baffle as a function of the ratio of the piston diameter over wavelength 
of generated sound. (Dotted curve is the pressure increase for a thin ring. 
The dotted curve was obtained by a series of approximations because the 
mathematical computations became much more involved than in the case 
of the piston.) 
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SECTION 7 


Chaut 70. 
Chart 71. 
Chart 72. 
Chart 78. 
Chart 74. 


Reverberation and Sound Reproduction 

Optimum reverberation time in auditoriums vs. frequency and 
room size. 

Total absorption units vs. reverberation time and size of audi- 
torium. 

Acoustic watts and sound pressure produced vs. volume of 
auditorium and reverberation time. 

Acoustic watts required per 1000 sq. ft. of open area vs. sound 
pressure ov^er area. 

Relation between intensity level, sound pressure, loudness level, 
and frequency. 
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Chart 70 shows the relations between the optimum 
reverberation time as a function of size of room and 
frequency. The upper chart shows the optimum rever- 
beration at 500 cycles as a function of room size and the 
lower chart shows the relative reverberation time as 
a function of frequency (500 cycle value reference being 
unity). 

Sample Problem 

Find the optimum reverberation times in a room whose 
volume is 10*^ cu. ft. at 70 c^^cles and 150 cycles. 

Solution 

From the upper chart, we find the optimum reverbera- 
tion time at 500 cycles for a room volume of 10^ cu. ft. 
to be about 1.4 seconds. 

From the lower chart we find the increase in reverbera- 
tion time at 70 cycles and 150 cycles to be 2 and 
respectively. The optimum reverberation time at 70 
cycles is 2 X 1.4 = 2.8 seconds and at 150 cycles, the 
optimum is 1.5 X 1.4 ==2.1 seconds. 
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Chart 71 shows the total absorption units in sq. ft. 
of open window required to produce the various rever- 
beration times marked on the family of curves for audi- 
toriums of various sizes. The dotted lines were 
computed from the Sabine formula and the solid lines 
were computed from the more accurate Eyring formula 
assuming a cubical room. 

Sample Problem 

Find the necessary absorption units required to pro- 
duce a reverberation time of 1 seconds in an auditorium 
25 X 40 X 100 ft. in dimensions. 

Solution 

Volume of auditorium = 25 X 40 X 100 = 10* cu. ft. 
At the abscissa value = 10* find the intersection with 
the curve marked 1.5 seconds and read the following 
ordinates : 

A. From dotted curve, total absorption = 3,300 units 
(sq. ft.). 

B. From solid curve, total absorption = 2,900 units 
(sq. ft.). 

The (B) value above is the more accurate of the two 
values and is the best answer to the problem. 
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TOTAL- 



CHART NO. 71 

Total absorption in sq. ft. of open window required to produce the various 
reverberation times marked on the curves for different sizes of auditoriums. 
The dotted curves were computed from Sabine’s formula and the solid curves 
from the more accurate Eyring formula assuming a cubical room. (Note 
that the Sabine formula gives absorption values which are too high especially 
for the larger rooms.) 
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TOTAL ABSORPTION UNITS (5Q. FT) (DOTTED CORVES) 



Chart 72 shows the acoustic power required to main- 
tain a sound pressure of 100 dynes /cm. ^ in rooms of 
various sizes and for various reverberation times shown 
on the family of curves. For any value of sound pres- 
sure j), other than 100, the acoustic power should be 
multiplied by (p/100)^ 

Sample Problem 

Find the acoustic power required to produce sound 
pressures of 50 dynes /cm. ^ in an auditorium having a 
volume of one million cu. ft. and a reverberation time 
of 2 seconds. 

Solution 

From the chart, we find the abscissa = 10® cu. ft. 
and read the intersection with the curve marked 2 
seconds, which gives an ordinate value = 140 acoustic 
watts. This is the power to produce 100 dynes /cm. ^ 
The power required to produce 50 dynes /crn.^ is 

/ 50 

X 140 = 35 acoustic watts. 
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SOUND POWER IN ACOUSTIC WATTS 



CHART NO. 

Acoustic waits required in various size rooms to secure a uniform sound 
pressure of 100 dynes/cm.* throughout the room for the various reverberation 
time values in seconds marked on the curves. The acoustic power required 
to secure any other sound pressure, p, may be obtained by multiplying the 
ordinates by (P/100)*. (Note: Peak sound pressures of the order of 100 
dynes/cm.* are necessary to secure realistic musical reproduction.) 
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Chart 73 shows the acoustic power required per 1,000 
sq. ft. of area as a function of the sound pressure required 
over that area, assuming 100% sound absorption by the 
area. 

Sample Problem 

An area 500 X 200 feet is to be supplied with a sound 
pressure = 10 dynes /cm^., find the acoustic power 
dissipated over the area assuming complete absorption 
by the area. 

Solution 

Total area = 500 X 200 = 100,000 sq. ft. For the 
abscissa = 10 dynes /cm^. we find the intersection with 
the B curve whose ordinate scale is on the right of the 
chart and gives a value of .22 watts per 1000 sq. ft. 
Total power required by the area is 

.22 X 100,000 

r = A = acoustic watts. 
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ACOUSTIC WATTS PER lOOO SO, FT ICURVE A) 





SOUND PRESSURE IN DYNES PER SQ.CM. 


CHART NO. 78 

Acoustic power required per 1000 square ft. of area as a function of the 
sound pressure that is to be maintained over the area (100% sound absorption 
by the area is assumed). 
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ACOUSTIC WATTS PER lOOO SQ. FT. (CURVE B) 


Chart 74 shows the contours of equal loudness for 
normal ears. Each curve shows the sound pressure 
necessary at various frequencies in order to keep con- 
stant loudness level. 

Sample Problem 

Find the increase in acoustic power necessary to 
raise the loudness level of a 100 cycle and 500 cycle 
signal from 40 db. to 80 db. above threshold. 

Solution 

At 100 cycles find the difference in intensity between 
a 40 db. loudness level and 80 db. loudness level as 
82 — 62 = 20 db. At 500 cycles the intensity ratio to 
produce the same change in loudness is 80 — 42 = 38 db. 
Thus at 100 cycles an acoustic power increase of 20 db. 
will change a 40 db. loudness level to an 80 db. loudness 
level and at 500 cycles an acoustic power increase of 
38 db. is necessary to produce the same increase in 
loudness. 


156 • Acoustic Design Charts 






CHART NO. 74 

Contours of equal loudness for normal ears. Zero dl>. equals an intensity 
of 10“^® watts per sq. cm. which is equivalent to a sound pressure of .000204 
dynes per sq. cm. in a free progressive wave in air at 20° C. and 760 mm. pres- 
sure. (From Fletcher and Munson J A.S,A. Oct, 1933.) 
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SECTION 8 


Chart 75. 
Chart 76. 

Chart 77. 

Chart 78. 

Chart 79. 
Chart 80. 

Chart 81. 

Chart 82. 


Exponential Horn Loud Speakers 

Throat area vs. throat resistance of an exponential horn. 

Cut-ofiF frequency of an exponential horn vs. distance along axis 
for diameter to double. 

Cut-off frequency of an exponential horn vs. per cent increase 
in area along the axis. 

.\coustic power generated by a vibrating piston coupled to the 
throat of an exponential horn vs. piston diameter, piston ampli- 
tude, throat area and frequency. 

Second harmonic generated in the throat of an exponential horn 
vs. acoustic power output and frequency. 

Maximum theoretical efficiency of an exponential horn loud 
speaker driven by an electrodynamic piston having a copper 
wire voice coil vs. frequency and flux density. 

Maximum theoretical efficiency of an exponential horn loud 
speaker driven by an electrodynamic piston having an aluminum 
wire voice coil vs. frequency and flux density. 

Maximum theoretical efficiency of an exponential horn loud 
speaker vs. frequency, voice coil mass, and piston mass. 
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Chart 75 shows the relation between the throat area 
of an infinite exponential horn and its acoustic resistance. 
The curve marked “IN.’’ should be used with the right 
hand ordinate scale and the curve marked “CM.” should 
be used with the left hand ordinate scale. Note. — 
For all practical purposes a horn whose mouth diameter 
exceed wavelength of the sound being radiated may 
be considered infinite. If the throat resistance in 
mechanical ohms is desired, the abscissa should be 
multiplied by the square of the throat area in sq. cms. 

Sample Problem 

Find the acoustic resistance at the throat of an 
exponential horn whose area is 10 s(|. ins. 

Solution 

At the intersection of the right hand ordinate = 10 
sq. ins. with the curve marked “IN.” find the value of 
acoustic resistance = .64 acoustic ohm. 
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CHART NO. 75 

Acoustic resistance of an infinite exponential horn a.s a function of the area of 
its throat. 
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THROAT AREA IN SQUARE INCHES 



Chart 76 shows the relation between the cut-oflP 
frequency of an exponential horn and distance along 
the axis (in inches or centimeters) for the diameter to 
double. If the cross section is not circular the ordinates 
may be interpreted as the distance along the axis for 
the area to increase four times. 

Sample Problem 

An exponential horn has a flare in which the diameter 
doubles every 5 inches; find the cut-off frequency of the 
horn. 

Solution 

At the intersection of the ordinate = 5 inches with 
the curve marked ‘‘IN. find the cut-off frequency = 800 
cycles. 
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AXIAL DISTANCE (CM. OR IN.) FOR DIAM. TO DOUBLE 



CHART NO. 76 

Relation between cut-o£F frequency of an exponential born and tbe distance 
along the axis over which the cross sectional diameter is doubled. If the cross 
section is not circular, the axial distance over which the area is increased four 
times may be used for the ordinates. 
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Chart 77 shows the relation between the cut-off 
frequency of an exponential horn and per cent increase 
in area per ft., per inch, or per cm. along the axis. 

Sample Problems 

An exponential horn has a shape such that the area 
increases 20% per cm. length along the axis. Find the 
cut-off frequency of the horn. 

Solution 

At the intersection of the ordinate = 20% with the 
curve marked “CM.’’ find the cut-off frequency equal to 
500 cycles. 
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PER CENT INCREASE IN AREA PER FT., IN., OR CM. 



CHART NO. 77 

Relation between the percentage increase in cross sectional area per foot, 
per inch, or per centimeter of axial distance along an exponential horn as a 
function of its cut-off frequency. 
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Chart 78 shows the r.m.s. acoustic power generated 
in an exponential horn when it is driven by various 
size pistons vibrating at different peak amplitudes. 
The numbers on the family of curves indicate the piston 
diameter in inches. 

Sample Problem 

A 6 inch diameter piston vibrates with a peak ampli- 
tude of .OGO" at 100 cycles and drives an exponential 
horn having a throat area of 10 sq. inches. Find the 
r.m.s. acoustic power output. 

Solution 

From the conditions of the problem, the product 
of frequency X peak amplitude = 100 X .060 = 6. At 
the intersection of the ordinate = 6 with the curve 
marked 6 inches find the abscissa = 100. Since the 
throat area = 10 sq. inches, the acoustic power output 
= = 10 watts. 
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CHART NO. 78 

Family of curves showing the r.m.s. acoustic power generated at various 
frequencies for various peak amplitudes of a piston driving exponential horns 
of various throat areas. The horn mouth is assumed large enough so that no 
reflections occur at the frequency concerned. The number on each curve 
represents the piston diameter in inches. 
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Chart 79 shows the second harmonic generated in 
an infinite exponential horn as a function of the ratio of 
the frequency being propagated (/i) to the cut-off fre- 
quency of the horn (/c). The numbers on the curves 
indicate the acoustic watts being radiated per square 
inch of throat area. Note. — For all practical purposes 
if the mouth diameter of the horn exceeds wavelength 
of the sound being radiated, the horn may be considered 
infinite. 

Sample Problem 

Find the highest frequency at which 10 acoustic watts 
can be transmitted through a horn having a throat 
area of 10 square inches and a cut-off frequency of 80 
cycles if the maximum second harmonic component is not 
to exceed 10%. 

Solution 

The acoustic power per sq. in. of throat = = 1. 

For the ordinate equals 10% second harmonic, find the 
intersection with the curve labelled 1 and read the 
abscissa /i//c == 10.5. The highest frequency at which 
the 10 watts may be radiated without exceeding 10% 
second harmonic = 80 X 10.5 = 840 cycles. 
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PER CENT SECOND HARMONIC 


CHART NO. 79 

Second harmonic distortion generated in an exponential horn at a frequency 
/i when the cut-off frequency due to flare is/o. Numbers on curves indicate 
acoustic watts being radiated per square inch of throat area. 
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Charts 80 and 81 shows the maximum theoretical 
efficiencies that may be realized in an ideal horn loud 
speaker driven by a mass controlled piston which is 
actuated by a pure resistance voice coil residing in 
air gap having the flux densities marked on the family 
of curves. The horn throat resistance is assumed equal 
to the piston reactance at each frequency. In an actual 
speaker this match is generally obtained at only one 
frequency and the efficiency deviates from the maxi- 
mum efficiency curves shown on the charts at other 
frequencies. The solid curves are computed for the 
case in which the mass of the piston is zero, and the 
dotted curves are for the condition in which the voice 
coil mass equals the effective mass of the remainder 
of the vibrating system. Chart 80 applies for copper 
wire voice coils and chart 81 applies for aluminum wire 
voice coils. 

Sample Problem 

Find the maximum efficiency of a horn loud speaker 
at 4,000 cycles when driven by a piston equipped with a 
copper voice coil of equal mass and operating at an air 
gap flux density of 10,000 gauss. Find the efficiency 
if an aluminum coil of equal mass is substituted for the 
copper. 

Solution 

From chart 80 find the intersection of the abscissa 
= 4,000 cycles with the dotted curve marked 10 Kilo- 
gauss and read the efficiency = 6%. For an aluminum 
voice coil read the corresponding points on chart 81 
and find the efficiency = 11>^%. 
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PER CENT EFFICIENCY 



CHART NO. 80 

Maximum theoretical efficiencies obtainable in an idealized, electro- 
dynamically driven horn loud-speaker employing a copper voice coil at the 
various air gap flux densities marked on the curves. The solid curves assume 
the voice coil mass is the entire mass of the vibrating system (mass of dia- 
phragm = 0). The dotted curves assume the voice coil mass equals the 
effective mass of the remaining portion of the vibrating system. 
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AIR GAP FLUX DENSITY (KILOGAUSS) 





CHART NO. 81 

Maximum theoretical eflBciencies obtainable in an idealized, electro- 
dynamically driven horn loud-speaker employing an aluminum voice coil at the 
various air gap flux densities marked on the curves. The solid curves assume 
the voice coil mass is the entire mass of the vibrating system (mass of dia- 
phragm s= 0). The dotted curves assume the voice coil mass equals the 
eflFective mass of the remaining portion of the vibrating system. 
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Chart 82 shows the maximum theoretical efficiencies 
which may be realized in a horn loud speaker having an 
aluminum voice coil and an air gap flux density of 20,000 
gauss. The efficiency is shown for the three frequencies 
marked on the curves and as a function of the ratio of 
voice coil mass to the remaining mass of the vibrating 
system, which is plotted as abscissas. 

Sample Problem 

Find the mass of aluminum conductor which is 
required to drive a 10 gram piston which is matched 
to a horn for optimum efficiency at 1,000 cycles. The 
air gap flux density is 20,000 gauss and the desired 
efficiency == 50%. 

Solution 

At the intersection of the ordinate = 50% efficiency 
with the 1,000 cycle curve, find the abscissa = .32. 
Thus voice coil mass over piston mass = .32 or the 
voice coil mass required = .32 X 10 = 3.2 grams. 
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RATIO OF WICE COIU MASS' TO EFFECTIVE REMAINING MASS 
OF THE VIBRATING SYSTEM 


CHART NO. 82 

Maximum theoretical efficiency that may be realized in an idealized horn 
type loudspeaker as a function of the ratio of the mass of the voice coil con- 
ductor to the eflFective mass of the remainder of the vibrating system. Alumi- 
num wire voice coil and 20,000 gauss air gap flux density is assumed. Figures 
on curves indicate frequency in cycles per second. 
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SECTION 9 


Chart 83. 
Chart 84. 
Chart 85. 
Chart 8(i. 
Chart 87. 

(^HART 88. 

( hart 89. 

Chart 90. 

Chart 91. 

Chart 92. 

Chart 93. 

Chart 94. 

Chart 95. 

Chart 96. 

Chart 97. 
Chart 98. 

Chart 99. 


Electro-magnetic Design Data 

Length per ohm of aluminum and copper wire vs. wire size. 

Length per gram of aluminum and copper wire vs. wire size. 

Ohms per gram of aluminum and copper wire v.s. wire size. 

Ohms vs. length and mas.s of aluminum and copper wire. 

Magnetizing force and field power dissipation vs. weight of 
copper wire wound on spool.s having various ratios of winding 
thicknes.ses to spool lengths (inside diameter of winding = 1"). 

Magnetizing force and field power dissipation vs. weight of 
copper wire wound on spools having various ratios of win<ling 
thicknesses tt) spool lengths (inside diameter of w'inding = 1.4"). 

Magnetizing force and field power dissipation vs. w'eight of cop- 
per wire wound on spools having various ratios of winding 
thicknesses to spool lengths (inside diameter of winding = 2"). 

Magnetizing force and field power dissipation vs. w'eight of 
copper wire wound on spools having various ratios of winding 
thicknesses to spool lengths (inside diameter of winding == 2.8"). 

Magneto-motive force required across an air gap vs. flux density 
and air gap size 

Magneto-force drop in various magnetic materials vs. flux 
density. 

Force exerted on a conductor carrying a current and located in 
an air gap vs. flux density, length of conductor and current. 

Pull exerted between two jiarallel magnetic surfaces vs. flux 
density between surfaces. 

Increase in magnetic pull caused by tapered pole pieces vs. angle 
of taper. 

Reluctance between twm long parallel iron rods vs. rod diameter 
and separation between rods. 

Demagnetization curves of typical permanent magnet alloys. 

Volume of permanent magnet required to maintain flux in air 
gups vs. air gap size and flux density. 

Weight vs. volume and specific gravity. 
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Charts 83, 84, 85 and 86, show the electrical properties 
of aluminum and copper wires. 

Chart 83 shows the relation between the gauge size 
and the length in centimeters per ohm. 

Chart 84 shows the relation between the gauge size 
and the length in centimeters per gram of bare conductor. 

Chart 85 shows the relation between the gauge size 
and the resistance in ohms per gram of bare conductor. 

Chart 86 shows the relation between the length of 
conductor and its electrical resistance for a mass of 
one gram. For any other mass of conductor, divide 
the value of resistance on the chart by the mass in 
grams. 

The above charts are useful in the design of electro- 
dynamic systems. For example, the proper size of 
wire can be found immediately for a particular voice 
coil requirement. Suppose we wish a 1 gram aluminum 
voice coil with a resistance of 10 ohms, chart 85 tells 
us that 32 gauge aluminum wire will meet the require- 
ments; then from chart 86 we see that, a 10 ohm coil of 
aluminum wire with a mass of 1 gram has a length of 
conductor equal to about 1,200 centimeters. 
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LENGTH IN CMS. PER OHM. 



CHART NO. 83 

Lfugth per ohm of bare aluminum and copper wire at 20* C. 
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LENGTH IN CMS. PER GRAN/I 


lOOOO 



CHART NO. 84 

Length per gram of bare aluminum and copper wire. 
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CHART NO. 85 

Resistance per gram of bare aluminum and copper wire at 20^^ C. 
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CHART NO. 86 

Relation between the electrical resistance of a copper and aluminum con- 
ductor at 20® C. as a function of its length. Mass of conductor = 1 gram. 
For any other muss divide the resistance given above by the mass in grams. 
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Charts 87, 88, 89, and 90, show tlic ampere turns 
generated by a held coil for various ratios of winding 
length, L, to winding thickness, [F, as indicated on the 
insert drawings on the charts. The four charts are 
for four different sizes of inside diameter of the coil 
winding, namely : 1, 1.4, 2, and 2.8 inches. 

The magneto-motive force in ampere turns is shown 
for a field power consumption of 10 watts. For any 
other value of field power, F, the ampere turns obtained 
from the chart should be multiplied by the ratio VP/IO. 

Sample Problem 

Find the weight of copper wire necessary to produee 
2,000 ampere turns with a field consumption of 10 watts 
if the diameter of the inside turns = 1 inch. 

A, Ratio of winding length to thickness, L/lf' = 4. 

B, Ratio of winding length to thickness, L/Jf^ — 3^^. 

Solution 

A. For 2,000 ampere turns on chart 87, read the 
intersection with the curve L /JV = 4 and find weight 
of copper required =2.7 lbs. 

B. If the winding shape is L/TV — 3^^, read the inter- 
section on the curve labeled and find the necessary 
weight of copper required to produce the same 2,000 
ampere turns = 17 lbs. 
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CHART NO. 87 

Magnetizing force versus weight of a circular enamelled copper wire field 
coil for the various ratios of LjW shown on the curves. Inside diameter of 
copper coil = 1 inch. Field power = 10 watts. For any other value of 
field power, P, multiply ordinates by V^P/IO. 
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CHART NO. 88 

Magnetizing force versus weight of a circular enamelled copper wire field 
coil for the various ratios of hfW showm on the curves. Inside diameter of 
copper coil = 1.4 inches. Field power = 10 watts. For any other value of 
field power, P, multiply ordinates by \/P/10. 
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(IIAUT NO. S9 

Magnetizing force versus weiglil of a circular enamelled copper wire field 
coil for the various ratios of L/ff' shown on the curves. Inside diameter of 
copper coil = 2 inches. Field power = 10 watts, h'or any other value of 
field jM»Avcr, P, mulliply ordinates by \/7Vl0. 
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WEIGHT OF FIELD COIL IN POUNDS 


CHART NO. 90 

Magnetizing force versus weight of a circular enamelled copper wire field 
coil for the various ratios of LfW shown on the curves. Inside diameter of 
copper coil = 2.8 inches. Field power = 10 watts. For any other value of 
field power, P, multiply ordinates by \/i^/10. 
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Chart 91 shows the magneto-motive force in gilberts 
or ampere turns required to maintain various flux densi- 
ties in air gaps of various lengths. (The length of air 
gap is in the direction parallel to the flux.) 

Sample Problem 

Find the ampere turns required to produce a flux 
density of 10,000 gauss in an air gap .1 inch long. 

Solution 

The product of flux density X air gap length is 
10,000 X .1 = 1,000. 

For the abscissa = 1,000 read the intersection on the 
curve marked “A.T.” and find the necessary ampere 
turns = 2,000. 
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MASNET/ZING FORCE IN GILBERTS OR AMP. TURNS 



CHART NO. 91 

Magneto-motive force in gilberts or ampere turns necessary to maintain a 
required flux density in air gaps of various lengths. 
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Chart 92 shows the magnetic potential drop in Armco 
iron, soft cold rolled steel, and cast iron as a function 
of the flux density in the iron. The data are presented 
in two ways: The solid curves give the drop in gilberts 
per cm. of iron path and the dotted curves show the 
drop in ampere turns per inch of iron path. 

Sample Problem 

A. Find the loss in ampere turns in an Armco mag- 
netic structure having a path length of 20 inches and 
operating at a uniform flux density of 1(),()00 gauss. ^ 

B. Find the loss in ampere turns if the weight of 
iron is doubled (assume the flux density for doubled 
area = 8000 gauss in the iron). 

Solution 

A. For a flux density = 10 kilogauss, find the m.m.f. 
drop = 40 ampere turns per inch. Total loss in struc- 
ture = 20 X 40 = 800 ampere turns. 

B, FovB = 8 kilogauss, the m.m.f. drop = 3.6 ampere 
turns per inch. Total loss in structure is now reduced 
to 3.6 X 20 = 72 ampere turns. 
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M.M.R DROP IN AMRTURN5 PER IN. {DOTTED) 



CHART NO. 92 

Magneto*motive force drop in various materials as a function of the flux 
density in the material. 
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Chart 93 shows the force exerted on a conductor per 
ampere of current flowing through it when it is located 
in a magnetic field with the flux lines normal to the axis 
of the conductor. Two curves are shown on the charts 
one marked “A” gives the force in pounds per ampere 
and curve “B” gives the force in dynes per ampere. 

Sample Problem 

Find the force in dynes produced in a voice coil 
having a conductor 1,000 cms. long and operating in an 
air gap having a flux density = 10,000 gauss. The voice 
coil current = 100 milliamperes. 

Solution 

The product of flux density X length of conductor 
equals 10,000 X 1,000 = 10^ 

For the abscissa = 10^, read on curve B the value of 
force = 10® dynes per ampere. Since the current in 
the problem = .1 ampere, the force generated in the 
voice coil is equal to: 

F = 10® X .1 = 10® dynes. 
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force: in pounds per ampere CCURVE A) 



CHART NO. 93 

Force exerted on a conductor carrying a current and situated in a magnetic 
field with its axis normal to the direction of the flux. 
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ftorce. in dynes per ampere (curve b) 


Chart 94 shows the pull exerted per unit area of two 
parallel magnetic surfaces as a function of the flux 
density between them. Two curves are shown: Curve A 
expresses the pull in lbs. /sq. in. and curve B shows the 
pull in dynes /sq. cm. 

Sample Problem 

Find the flux density between two magnetic surfaces 
having an area of 100 sq. ins. if it takes 6,000 lbs. to 
pull the surfaces apart. 

Solution 

From the conditions of the problem we can obtain 
the force per unit area holding the surfaces together; 
this quantity is equal to 

t — “Ypq ” 00 lbs. sq. in. 

Referring to curve A : For a value of F = 60 lbs. /s(|. in. 
find the corresponding value of flux density = 10,000 
gauss. 
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CHART NO. 94 

Pull exerted between two parallel magnetic surfaces having a constant flux 
density betw^een them. 
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PULL IN DVNES PER SQ. CM. (CURVE B) 



Chart 95 shows the increase in magnetic pull as well 
as the increase in total air gap flux caused by tapering 
the magnetic pole pieces. The axial spacing between 
the pole pieces is kept constant and the m.m.f. drop 
across the air gap is also kept constant. 

Sample Problem 

An electromagnetic relay having a pair of flat parallel 
faces is required to double the force with which the 
faces are attracted without changing the spacing between 
the faces and without increasing the magnetizing ampere 
turns. Find the angle 6 in the cylindrical pole tip con- 
struction shown in the insert drawing on the chart that 
will produce the desired result. 

Solution 

For a pull ratio = 2, find from the chart that 0 = 90 
deg. 

Note. — While the pull i.s doubled by the change in 
construction, the total flux in the circuit is also doubled; 
therefore, it is important to make sure that the increased 
flux can be carried by the parts without saturation. 
If not, increased cross sections will be required at the 
saturated portions. 
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PULL RATIO OR AIR SAP FLUX 



CHART NO. 95 

Increase in magnetic pull and total air gap flux caused by tapered pole tips. 
The curve was computed on the assumption that the distance is much 
greater than the distance and also that the distance “d’* is kept constant 
as the angle “9” is varied. The entire reluctance of the magnetic circuit was 
assumed to be in the air gap. 
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Chart 96 shows the reluclance per centimeter of 
axial length between two long parallel iron rods of 
diameter d and separation S. (Permeability of the 
iron is assumed to be very high compared to the per- 
meability of the air.) 

Sample Problem 

Find the reluctance between 500 centimeters of two 
1 era. diameter iron rods, separated by a distance of 
4 eras, between centers. Neglect the reluctance due to 
the ends of the rods. 

Solution 

The ratio S /d = 4. 

For the abscissa = 4, find the reluctance equal to 
.625 Oersteds per cm. length. 

Total reluctance between 500 cms. of parallel rods 
= 500 X .625 = 312 Oersteds. 

Note. — Oersteds is here used in the true original 

sense; namely, where I = length of magnetic path, 
IjlA 

A its cross section area and jjl the permeability. More 
recently many authors have begun to use the name 
Oersteds for magnetizing force which is truly the quan- 
tity Gilberts per cm. 
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CHART NO. 96 

Reluctance per centimeter of axial length of two long parallel iron rods of 
diameter d and separation S. 
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Chart 97 shows typical demagnetization curves of 
typical aluminum alloyed permanent magnet steels. 
The optimum points of B and H for each material are 
marked on each curve by a cross and represent the most 
economical state of operating of a magnet when used to 
supply external flux. 

Note. — Due to the fact that the BIl curves of the 
various alloys vary considerably with variations in 
compositions and heat treatments, the above curves 
should be used only as typical values and specific 
information for specific alloys should be requested from 
the steel companies if greater accuracy is required. 
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CHART NO. 97 

Demagnetization curves of typical aluminum-nickel alloy permanent magnets. 
The points at which Bllnu^x occurs are marked on each curve. 
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IN KILOGAUSS 



Chart 98 shows the quantity of permanent magnet 
required to supply various volumes of air gaps with the 
flux densities in kilogauss marked on the family of curves. 
The curves were computed for a BH product value = 10®. 
For any other value of B11 product of the permanent 
magnet material — K X 10®, the ordinates on the chart 
should be divided by K. Notp:. — T he quantity of 
magnet obtained from the chart is only the amount 
required by the air gap; the leakage flux will require an 
additional amount of magnet equal to the ratio of leakage 
flux to air gap flux. 

Sample Problem 

Find the amount of Alnico II (chart 97) required to 
produce a flux density of 10,000 gauss in an air gap 
having a volume of 1 cc. Assume total leakage flux 
= air gap flux. 

Solution 

For an air gap volume = 1 cc., read the intersection 
with the 10,000 gauss line and find volume of magnet 
required (BII == 10®) = 100 cc. Since leakage flux = 
air gap flux, 100 cc. will be required for leakage or a total 
quantity = 200 cc. (assuming BII = 10®). From chart 
97, Alnico II has a value BH^^ = 1.5 X 10®. There- 

200 

fore, the quantity of Alnico II required = = 133 cc. 

1.5 
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VOLUME OF MAGNET IN CU. CM 



CHART NO. 98 

Quantity of permanent magnet required to supply various sizes of air gaps 
with the flux density in kilogauss marked on the family of curves. The 
magnet is assumed to be operating at a value of BH = 10*. For any other 
BJ1 product = iC X 10®, divide ordinates by K. Note: The quantity of 
magnet obtained from this chart is only the amount necessary to supply the 
air gap flux. To obtain the total amount, the values from the chart should 
be multiplied by the ratio of total flux to air gap flux. This factor is generally 
in the neighborhood of 2 for many of the conventional speaker structures. 
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Chart 99 is a conversion chart between volume in 
cubic centimeters and pounds for the various specific 
gravities shown by the family of curves. The chart is 
useful, for example, in converting from cc. of magnet 
(chart 98) to lbs. of magnet for the particular specific 
gravity of the material. 


20£ * Acoustic Design Charts 




CHART NO. 99 

Weight versus volume for the various specific gravities marked on the family 

of curves. 
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SECTION 10 


Miscellaneous Data 


('JIAHT 

100. 

C'haut 

101. 

(’hakt 

102. 

( 'hart 

10.1. 

('hart 

lot. 

('hart 

105. 

('hart 

100. 

( 'hart 

107. 


llclution between octaves and frequency ratios. 

Frequency ratio vs. intervals on the equally tempered scale. 
Decibel conversion chart. 

Decibel conversion chart. 

Total db. energy level produced by adding two component db. 
levels. 

Power loss resulting from impetlance mi.smatchiiig vs. ab.solute 
impedance ratio and pha.se angle between impedances. 

Power loss resulting from mismatching the pha.se angles 
between two impedances. 

Area of a spherical zone vs. subteiited angle of zone and distance 
from source. 


Acoustic Design Charts * 205 



Chart 100 shows the relation between octaves and 
frequency ratios. 

Chart 101 shows the relation between intervals on 
the equally tempered scale and frequency ratios. 

Both charts are useful in determining the conversion 
from intervals or octaves to frequency ratios. The use 
of the charts is obvious without need for sample problems. 
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EQUENCV RyATIO (CURVE A) 



CHART NO. 100 

Relation between octaves and frequency ratios. 
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FREQUENCY RATIO 



CHART NO. 101 

Frequency ratio versus intervals on the equally tempered scale. 
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Charts No. 102 and No. 103 will permit the conversion 
of decibels to voltage, current, pressure or power ratios 
and vice versa. Chart No. 103 is effectively an enlarge- 
ment of one of the squares on chart No. 102 and may 
therefore be used for accurate interpolation of Chart 
No. 102. An example will serve to show the simplicity 
of using the charts. 

Sample Problem 

Find the power represented by a level of 32.8 decibels 
above 1 milliwatt. 

Solution 

On Chart No. 102 it is seen that for a power ratio 
of 32.8 db. (right hand ordinate scale) the numerical 
ratio of powers is between 10^ and 10"^ to 1. Turning 
to Chart No. 103, which can now be considered as an 
enlargement of the scale between 10^ and 10 ^ and reading 
opposite 2.8 on the I’ight hand ordinate scale (which 
now means 32.8) the power ratio is read as 1.9 X 10^. 

Therefore, the answer to the problem is 

P = 1.9 X 10^ X .001 = 1.9 watts 
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CHART NO. 102 

Decibel conversion chart. For accurate interpolation values within any of the 
above squares, see chart 103 on opposite page. 
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DECIBELS (POWER RATIO) 




CHART NO. 103 

Decibel conversion chart. See chart 102 on opposite page for higher ratios. 
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DC-CIBELLS (POWER RATIO) 



Chart 104 shows the change in magnitude of an energy 
level when another energy level is added to it. 

Sample Problem 

Two loud speakers are to be used simultaneously 
to supply energy in a particular location. Assuming 
that the speakers individually can generate acoustic 
powers of 8 db. and 10 db. respectively above one watt, 
find the total db. level of the two speakers operating 
simultaneously . 

Solution 

The second speaker has an output of 2 db. above the 
first one. For the use of the chart, the lower intensity 
speaker shall temporarily be used as the 0 db. reference 
level for the combination. The energy level of the 
added speaker is then 2 db. Looking on the chart, it is 
found that for an added component of 2 db., the level 
of the combination is 4.1 db. Therefore, the energy 
level of the combination above the level of the original 
speaker which has an output of 8 db. above one watt is, 

8 + 4.1 = 12.1 db. above one watt 
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CHART NO. 104 

T'otal db. level produced by adding two component energies together (level 
of lower energy component is assumed equal to zero db.). 
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Chart No. 105 shows the power loss that results due 
to mismatching the magnitude of the impedance of a 
generator with that of a driven load. The loss on the 
chart represents the amount lost due to mismatching 
the magnitudes of the impedances. 

Sample Problem 

A loud speaker having an impedance of 10 ohms and 
a phase angle of 00 deg. is fed directly from a generator 
having a 100 ohm internal resistance. Find the gain 
in power which will result if an ideal transformer is 
used to match the impedance magnitudes. 

Solution 

The ratio of impedance magnitudes for the mis- 
matched condition is 10 to 1. On the abscissa scale 
read up at the ratio 10 until it intersects the 60 deg. 
phase angle line, at which point the loss due to mis- 
matching is read as 5.7 db. This is the gain that will 
result if a transformer is used to match the impedances. 
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LOSS DUE. TO MISMATCHING IN DECIBELS 


26 i 





ABSOLUTE IMPEDANCE RATIO 


CHART NO. 105 

Power loss resulting from the inequality of the absolute magnitudes of two 
impedances which are connected for the purpose of transferring power from 
one to the other. Figures on curves indicate the algebraic phase difiPerence 
between the impedances in degrees. 
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Chart No. 106 shows the power loss that results when 
the generator and load impedances are equal in mag- 
nitude but different in phase angle. The loss in decibels 
is the reduction in power that is delivered to the load 
over what would be delivered if the total reactance in 
the circuit were made equal to zero and the absolute 
magnitudes of the impedances remained unchanged. 

Sample Problem 

A generator having an inductive impedance with a 
phase angle of 40 deg. supplies power to an inductive 
load having an impedance equal in magnitude to the 
generator impedance but with a phase angle of 60 deg.; 
find the increase in power that can be delivered to the 
load if the load impedance can be adjusted to be the 
conjugate of the generator impedance (that is, the load 
impedance is kept equal to the generator impedance 
while the power factor in the circuit is made equal to 
unity). 

Solution 

Along the abscissa find the generator phase angle 
equal to +40 deg. Read up to the intersection with 
the curve marked 60 deg. which gives the loss as 4.1 db. 
At unity power factor the increase in power will be 
4.1 db. 
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LOSS Due TO PHASE DIFTERENCE JN DECIBELS 



CHART NO. 106 

Power loss in a circuit in which the line and load impedances are equal in 
magnitude but different in phase. The figures on curves indicate the phase 
angle of one impedance (positive) and the abscissa indicates the phase of the 
other impedance. Note: If both phase angles are negative assume them to 
be both positive in using the chart for determining the loss. 
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Chart No. 107 shows the area of spherical zones as 
a function of the subtended angle at the center of cur- 
vature and as a function of the distance from the center 
of curvature. The spherical area is given in square 
centimeters because the use of this chart is intended 
primarily for the purpose of finding the acoustic power 
output needed to supply a certain angle of coverage by 
a sound source, in which case the metric area is preferable. 

Sample Problem 

Assume the output from a sound source is confined 
to a total included angle of 50 deg. Find the acoustic 
power necessary to produce a sound pressure of 10 dynes 
per sq. cm. at a distance of 500 inches in free space. 

Solution 

At a distance R = 500 on the abscissa, read up to the 
intersection with the line 0 = 50 which is the condition 
of this problem and read the ordinate as 9,7 X 10^ sq. 
cms. area. 

From chart No. 9, for a sound pressure of 10 dynes/ 
cm^ the acoustic power = .24 X 10”® watts /cm^ 

Total power required = 9.7 X 10® X .24 X 10”® = 
.23 acoustic watts. 
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CHART NO. 107 

Area of a spherical surface subtended by various angles (0) as a function of the 
distance (R) from a source of sound. 
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INDEX 


ABSORPTION, of suuncl, in jiir, 23 
in conduits, 25 
in narrow tubes, 27 
through screens, 29 
units, vs. reverberation time, 151 
Acoustic, capacitance, of enclosed 
volumes, 87 

power, from small source, 131 
from vibrating piston, 125, 
127, 133 

required in auditoriums, 153 
in open air, 155 
vs. sound pressure, 17 
reactance, of enclosed volumes, 
89, 91 
orifice, 85 
slits, 83 

small tubes, 75, 77 
vibrating piston, 119 
vs. capacitance, 95 
vs. inertance, 93 
resistance, of exponential liorns, 
161 

medium, vs. reflected energy, 
19 

slits, 81 

small tubes, 73 
vibrating piston, 109, 111, 
113, 119 

resonance, back enclosed piston, 
123 

closed pipes* 103 
enclosed volume with aper- 
ture, 99 

coupled to inertance, 97 


Acoustic, resonance, open pipes, 105 
Air gap, flux density vs. magnetizing 
force, 187 

force on conductor carrying 
current, 191 

permanent magnets for mag- 
netizing force, 201 
load, on vibrating piston, 115, 
117 

Alnico, magnetic data, 193 
Aluminum voice coils, efficiency of, 
172, 174 

wire, length per gram, 178 
per ohm, 177 
vs. resistance, 180 
ohms per gram, 179 
Amplitude of particle, mass-con- 
trolled system, 47 
resistance-controlled sys- 
tem, 43 

si iffness-controlled system, 
51 

vs. sound pressure in air, 9 
of piston, vs. acoustic power 
output, 127, 133 
vs. sound pressure output, 
129 

Architectural acoust ics, absorption 
required in auditoriums, 
151 

acoustic power required, in 
auditoriums, 153 
in open air, 155 
isolation of vibrating machin- 
ery, 33, 35, 37 
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Architectural acoustics, optimum re- 
verberation time, 149 
reflection of sound in pass- 
ing from one medium to 
another, 19 

transmission of sound through 
walls, 31 

Area of spherical zone vs. subtended 
angle, 219 

Armco iron, magnetic characteristics, 
189 

Attenuation of sound (see Absorp- 
tion) 

BACK enclosed vibrating piston, 123 

CABINET size for low-frequency 
reproduction, 123 

Capacitance, of enclosed volume, 87 
vs. reactance, 95 

Cast iron, magnetic characteristics, 
189 

Closed pipe, resonance frequencies, 
103 

(^oil design, efficiency of aluminum 
wire, 172, 174 
copper wire, 171 
magnetizing force vs. weight 
of copper, 182, 183, 184, 
185 

Compliance, amplitude vs. fre- 
quency, 51 

reactance vs. frequency, 53 
velocity vs. frequency, 49 
vs. stiffness, 55 

Conductor in magnetic field, force 
on, 191 

Conduits, attenuation of sound in, 25 

Copper wire, length per gram, 178 
per ohm, 177 
vs. resistance, 180 
ohms per gram, 179 
voice coil, efficiency of, 171 

Current ratio vs. decibels, 210, 211 


Cut-off frequency of exponential 
horns, 171 

DAMPING of vibrations, 35, 37 
Decibel conversion chart, 210, 211 
level produced by adding two 
db levels, 213 

Demagnetization curves for per- 
manent magnets, 199 
Diaphragm, iiiertancc vs. mass, 121 
inertia due to air load, 115, 117 
radiation resistance, 109, 111, 
113 

ratio of reactance to resistance, 
119 

Directional radiation, pistt)n, 137, 
141, 145 

ring. 139, 143, 145 
Disc, clamped, resonance frequency, 
63, 64 

(See also Diaphragm) 
Displacement, mass-controlled sys- 
tem, 47 

resistance-controlled system, 43 
stiffness-controlled system, 51 
vs. sound pressure in air, 9 
Distortion, exponential horn, 169 
in piston driven through crank 
and connecting rod, 69 

EAR characteristics, 157 
Efficiency, exponential horn loud 
speakers, 171, 172, 174 
of field coils, 182, 183, 184, 185 
Electrical resistance of aluminum 
and copper wire, 177, 179, 
180 

Enclosed volume, acoustic capaci- 
tance of, 87 
reactance of, 89, 91 
coupled to vibrating piston, 
123 

End correction for open pipe, 79 
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Energy density vs. sound pressure, 17 
level produced by combining 
two db. levels, 213 
reflected by change in medium, 
19 

Equally tempered scale, 208 
Exponential horn, cut-off frequency, 
163, 165 

distortion in, 169 
efficiency, 171, 172, 174 
power, output, 167 
throat resistance, 161 

FIELD coil design, 182, 183, 184, 185 
Flare, exponential horn, 163, 165 
Flux density, in air gaps, 187 
iron and steel, 189 
permanent magnets, 199 
vs. efficiency in horn loud 
speaker, 171, 172, 174 
Force, between magnetized surfaces, 
193 

conductor in magnetic field, 191 
increase by tapered pole tips, 195 
mechanical vibrating systems 
{see Mechanical vibrating 
systems) 

Frequency ratio vs. intervals on 
equally tempered scale, 208 
vs. octaves, 207 

resonance {see Resonance fre- 
quency) 
vs. 2w/X, 6 
vs. (2ir/X)2, 7 
vs. wave length in air, 8 
in water, 4 

HARMONIC distortion, crank- 
driven piston, 69 
exponential horn, 169 
Helmholtz resonator, pressure in- 
crease inside, 101 
resonance frequency of, 99 
Hole, acoustic reactance of, 85 


Horn, exponential, cut-off frequency, 
163, 165 

distortion in throat, 169 
efficiency, 171, 172, 174 
power output, 167 
throat resistance, 161 

IMPEDANCE, acoustic {see Acous- 
tic reactance and Acoustic 
resistance) 
mechanical, 53, 55 

{See also Compliance and 
Mechanical vibracing sys- 
tems) 

mismatch in magnitude, loss due 
to, 215 

in phase, loss due to, 215, 217 
of medium, reflected energy due 
to mismatch, 19 

Increase in magnetic pull with 
tapered pole pieces, 195 
Inertance, of vibrating piston, 121 
to resonate with enclosed vol- 
ume, 97 

. vs. acoustic reactance, 93 
Inertia, due to air load, 115, 117, 119 
Intensity level, vs. loudness level, 157 
vs. sound pressure in air, 17 
Intervals on equally tempered scale, 
208 

Isolation of vibrating bodies, 23, 35, 
37 

LOSS in transmission, conduits, 25 
narrow tubes, 27 
perforated screen, 29 
plane waves in air, 23 
through rigid walls, 31 
through shock absorbing 
mountings, 23, 35, 37 
Loud speaker, direct radiator, 109, 
111, 113, 119, 121, 123, 125, 
127, 131, 133, 137, 189, 141, 
143, 145 
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Loud speaker, horn, 161, 16iL 165, 
167, 169, 171, 172, 174 
Loudness level contours for human 
ears, 157 

MAGNET, amount needed to supply 
flux to air gaps, 201 
Magnetic characteristics, iron and 
steel, 189 

permanent magnets, 199 
pull, between two magnetized 
surfaces, 193 
conductor in air gap, 191 
increase due to tapered pole 
pieces, 195 

reluctance between two parallel 
rods, 197 

Magneto-motive force vs. flux den- 
sity in air gaps, 187 
vs. weight of copper in field 
coils, 182, 183, 184, 185 
Mass, aluminum and copper wire, 
178, 179 

controlled vibrating system, 
amplitude vs. fre- 
quency, 47 

velocity vs. frequency, 45 
of diaphragm and voice coil vs. 

efficiency, 171, 172, 174 
load due to air on vibrating pis- 
ton, 115, 117 

of piston to resonate with en- 
closed air chamber, 123 
reactance of, vs. frequency, 53 
vs. inertance for pistons, 121 
Mechanical ohm, 35 
reactance, 37, 53 

of piston in baflle, 119 
resistance, of piston in baflSe, 
109, 119 

vibrating systems, mass con- 
trolled, 45, 47 
relations in, 41, 69 
resistance controlled, 41, 43 


Mechanical vibrating systems, res- 
onance of, 55 
stiffness controlled, 49, 51 
vibrations, attenuation of, 33, 
35, 37 

Membranes, resonance frequency of, 
aluminum, 66 
steel, 67 

Mismatched impedance, energy re- 
flected in plane wave, 19 

power loss due to, 215 
phase, power loss due to, 215, 217 
Motion picture screen, transmission 
of sound through, 29 
Musical scale, 208 

NARROW tubes, acoustic reactance, 
75, 77 

resistance, 73 

attenuation of sound in, 27 
Natural frequency, clamped discs, 
63, 64 

stretched membranes, 66, 67 
Nipermag, magnetic characteristics 
of, 199 

Noise reduction through rigid walls, 
31 

Non-linearity, crank-driven piston, 
69 

horn loud speaker, 169 
Notes on musical scale vs. frequency 
ratio, 208 

OCTAVES vs. frequency ratio, 207 
Open air acoustic power require- 
ments, 155 

pipe, resonance frequencies, 105 
Optimum reverberation time in 
auditoriums, 149 
Orifice, acoustic reactance of, 85 
and enclosed volume, resonance 
of, 99 

Output, exponential horn loud 
speakers, 167, 169 
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Output, vibrating piston, 125, 127, 
129, 131, 133 

PARTICLE displacement, mass- 
controlled system, 47 
resistance-controlled system, 
43 

stififness-cont rolled vsystem, 51 
vs. sound pressure in air, 9 
velocity, increase in spherical 
wave, 15 

mass-controlled system, 45 
phase shift in spherical wave, 
15 

resistance-controlled syslem, 
41 

stiffness-controlled system, 49 
vs. sound pressure in air and 
water, 11 

Perforated screen, transmission 
through, 25 

Permanent magnets, amount re- 
quired for air gaps, 201 
characteristics of, 199- 

Phase mismatch, loss due to, 215, 217 
shift between particle velocity 
and sound pressure in 
spherical wave, 15 

Physiological acoustics, ear charac- 
teristics, 157 

Pipe, acoustic reactance, 75, 77 
resistance, 73 
end correction, 79 
resonance frequency, open- 
closed, 103 
open-open, 105 
transmission through, 27 

Piston, acoustic output, 125, 127 
air load, 115, 117 
back enclosed, resonance of, 123 
inertance vs. mass, 121 
output from, 125, 127, 129 
radiation resistance, 109, 111, 
113 


Piston, ratio reactance to resistance, 
119 

Plane wave, attenuation in air, 23 

energy reflected due to change 
in impedance, 19 
particle velocity vs. sound 
pressure, 11 

sound ijressure vs. acoustic 
pow'er, 17 

vs. particle displacement, 
9 

Plates, natural frequency of, alu- 
minum, 63 
steel, 64 

Point source, acoustic output, 131 

Polar characteristic, pi.slon, 137, 141, 
145 

ring, 139, 143, 145 

Power loss, due to impedance mis- 
match, 213 

due to phase difference, 215, 
217 

output, exponential horn, 169, 171 
small source, 131 
piston, 125, 127, 133 
ratio, vs. db, 210, 211 
required in auditoriums, 153 
open air, 155 

vs. sound pressure in plane 
wave, 17 

Pressure, increase in Helmholtz 
resonator, 101 
ratio vs. db, 210, 211 
vs. particle displacement, 9 
vs. particle velocity in air and 
water, 11 

Propagation of sound, in conduits, 25 
in narrow tubes, 27 
through different mediums, 
19 

Public address systems, power re- 
quirement indoors, 
153 

outdoors, 155 
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Pull, between magnetized surfaces, 
193 

increase due to tapered pole 
pieces, 195 

on conductor in magnetic field, 
191 

RADIATION, from piston, 125, 127, 
133, 137, 141, 145 
from ring, 139, 143, 145 
resistance of piston in baffle, 109, 
111, 113 

Reactance, acoustic, enclosed vol- 
ume, 89, 91 
orifice, 85 
slit, 7 

small tube, 75, 77 
vs. capacitance, 95 
vs. inertance, 93 
mechanical, 37, 53 

Reflected energy, in passing from 
one medium to another, 19 
unequal impedance, 213 
phase, 213, 215 

Reluctance between two parallel 
steel rods, 197 

Resistance, acoustic, slits, 81 
small tubes, 73 

controlled vibrating system, 
amplitude, 43 
particle velocity of, 41 
electrical, aluminum and copper 
wire, 177, 179, 180 
mechanical, 35 

mounting, loss in force trans- 
mission due to, 35, 37 

Resonance, clamped circular plates, 
aluminum, 63 
steel, 64 
closed pipe, 103 
mass and spring, 57, 59, 61 
open pipe, 105 

piston coupled to enclosed air 
chamber, 123 


Resonance, stretched membranes, 
aluminum, 66 
steel, 67 

volume coupled to an inertance, 
97 

an orifice, 99 

vs. static deflection of spring, 61 
Resonator, Helmholtz, 97, 99 
Reverberation time, optimum, 149 
vs. absorption, 151 
vs. acoustic power required, 153 
Ring, polar radiation characteristics, 
139, 143, 145 

SECOND harmonic, crank-driven 
piston, 69 

exponential horn, 169 
Sensitivity of human ear, 157 
Scale, musical, 208 
Screen, transmission loss through 
perforated, 29 
Slit, acoustic reactance, 83 
resistance, 81 

Small source, output from, 131 
Sound, pressure, vs. acoustic power, 
auditorium, 153 
open air, 155 
plane wave, 17 
small source, 131 
vs. particle displacement, 9 
vs. particle velocity in air and 
water, 11 

vs. peak amplitude of piston, 
129 

vibrating piston, 131 
transmission, air, 23 
conduits, 25 
narrow tubes, 27 
one medium to another, 19 
perforated screens, 29 
rigid walls, 31 

wave length vs. frequency in 
air, S 

in water, 4 
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Specific gravity vs. weight and vol- 
ume, 203 

Spherical, surface area vs. subtended 
angle, 219 

wave, increase in particle veloc- 
ity, 13 

phase shift of particle velocity, 
15 

Spring, compliance vs. stiffness, 55 
mounting, loss in force trans- 
mission due to, 33, 37 
resonance frequency with mass, 
57, 59, 61 

vs. static deflection 
produced by mass, 
61 

Steel, magnetic characteristics, 189 
Stiffness, compliance vs., 55 

controlled vibrating system, 49, 
51 

reactance vs. frequency, 53 
Stopped pipe, resonance frequency 
of, 103 

Stretched membranes, resonance of, 
aluminum, 66 
steel, 67 

TAPERED pole pieces for increased 
magnetic pull, 195 
Theatre, indoor requirements, 149, 
151, 153 

outdoor requirements, 155 
Threshold of human ears, 157 
Throat, exponential horn, distortion 
in, 169 

output vs. area, 167 
radiation resistance, 161 
Ticonal, magnetic characteristics, 
109 

Transmission, sound, air, 23 
conduits, 25 
narrow tubes, 27 
one medium to another, 19 
perforated screens, 29 


Transmission, sound, rigid walls, 31 
of vibration, through resistance 
mounting, 35 

resistance plus spring 
mounting, 37 
spring mounting, 33 
Tubes, end correction, 79 

reactance of small, 75, 77 
resistance of small, 73 
resonance of, closed, 103 
open, 105 

VELOCITY of panicle, mass-con- 
trolled system, 45 
resistance-controlled sys- 
tem, 41 

stiffness-controlled system, 
49 

vs. sound pressure in air 
and water, 11 

Vibrating, bodies, isolation of, 33, 
35, 37 

piston, air load, 115, 117 
inertance vs. mass, 121 
power output, 125, 127, 133 
radiation resistance, 109, 111, 
113 

sound pressure developed by, 
129, 131, 133 

systems, mass-controlled, 45 
resistance-controlled, 41 
resonance conditions, 57, 59, 
61 

stiffness-controlled, 49 
Voice coils, aluminum wire, 172, 174 
copper wire, 171 
pull exerted vs. current and 
flux density, 191 
Voltage ratio vs. db, 210, 211 
Volume, acoustic capacitance of, 87 
reactance of, 89, 91 
to resonate with inertance, 97 
orifice, 99 
piston, 123 
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Volume, vs. weight and specific 
gravity. 203 

WALL, transmission through, 31 
Watts output (see Power output) 
Wave, plane, attenuation in air, 23 

energy reflected due to change 
in impedance, 19 
particle velocity vs. sound 
pressure, 11 

sound pressure vs. acoustic 
power, 17 

vs. particle displacement. 
9 


Wave, spherical, increase in particle 
velocity, 13 

phase .shift of particle velocity, 
15 

Wave length, of sound, air, 3 
water, 4 

Weight, aluminum and copper wire, 
178, 179 

copper field coil vs. magnetizing 
force, 182, 183, 184, 185 
vs. volume and specific gravity, 
203 

Wire data, aluminum and copper, 
177, 178, 179, 180 
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